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ABSTRACT
Research supports the idea that action observation (AO)-based training can be an 
effective component of physical training and rehabilitation. While much is known about 
the benefits of AO for simple movements, less is known about the utility of AO-based 
training for complex, whole-body sequences of movements.  Additionally, positive motor 
performance and neurophysiological findings are associated with anodal-transcranial direct 
current stimulation (A-tDCS).  Therefore, it may be valuable to investigate the combination 
of these two approaches to further enhance motor learning.  It is unknown how this 
combination, utilizing an alternative electrode arrangement of t-DCS (bihemispheric 
anodal corticomotor tDCS [BAC-tDCS]), would affect learning of a complex, whole-body 
task.  
The first aim of this dissertation was to assess the replicability/reliability of dance 
sequence performance scoring using the X-box One KinectTM game Dance Central 
Spotlight.  In Study 1, test-retest reliability was assessed as participants completed three 
thirty-second trials of repetitive arm flapping in synchrony with a metronome.  The results 
revealed a good to excellent degree of test-retest reliability demonstrating that Dance 
Central Spotlight could be used as a primary measurement tool for future studies to obtain 
reliable measures for complex, whole-body motor tasks such as dance.   
The purpose of the second study was to determine whether AO prior to action 
execution would improve an individual’s performance on a complex, whole-body task (i.e., 
dance).  In Study 2, participants observed one dance before performing both dances 
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(DANCEA and DANCEB) in a post-test.  Participants returned after a washout period (M = 
5.40 weeks, SD = 1.42) to observe the opposite dance and complete another post-test.  
Performance scores were significantly better when individuals had viewed the dance 
sequence prior to execution compared to when they had not observed the sequence prior to 
execution.  This outcome was observed for DANCEA, which was perceived to be more 
difficult, but not for DANCEB.  
The third aim was to examine the relationship between motor learning and a 
combined non-invasive brain stimulation/AO-based intervention with a complex, whole-
body motor skill.  Additionally, this study attempted to test the hypothesis that prior 
physical activity, as assessed by the International Physical Activity Questionnaire (IPAQ), 
alters the modulatory effects of this combined treatment. In a counterbalanced, cross-over 
design, participants received either BAC-tDCS or sham during observation of a chosen 
dance.  After a washout period (M = 5.09 weeks, SD = 1.72), participants received the 
opposite intervention during observation of the dance.  Participants performed the dance 
for Immediate and 1 Week Post-tests.  Performance scores were better at 1 Week Post-test 
than Immediate Post-test, but performance scores did not differ between AO/BAC-tDCS 
and AO/Sham.  There was a moderate, positive correlation between physical activity and 
overall improvement in dance performance scores after AO/Sham but not AO/BAC-tDCS.  
An interaction effect was seen between time (Immediate Post-test and 1 Week Post-test) 
and order in which participants received the intervention (AO/BAC-tDCS and AO/Sham).   
This investigation indicated that AO may be able to improve learning of a relatively 
difficult complex, whole-body sequence of movements. Furthermore, it is feasible to 
combine an AO-based learning intervention with BAC-tDCS, but further research must be 
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done to assess the effectiveness as an order or learning effect may have clouded these 
results.  Lastly, prior physical activity levels should be considered in individuals as it is 
unclear how one’s history of physical activity may affect their rate of motor learning.  
viii 
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Over 400,000 people suffer a stroke and require rehabilitation each year in the 
United States (National Institutes of Health, 2014).  In certain circumstances, patients may 
not possess the ability, especially soon after injury, to overtly perform motor tasks or 
perform them repetitively as is done during rehabilitation sessions. These obstacles can 
render traditional rehabilitation interventions inappropriate, which may frustrate patients 
and delay recovery.  In order to facilitate a smoother recovery, researchers and clinicians 
need to explore the feasibility and effectiveness of other, non-traditional forms of physical 
therapy (Sharma, Pomeroy, & Baron, 2006). One alternative to traditional execution-
centric approaches to physical therapy is action observation (AO)-based therapy, which 
involves a “systematic observation of meaningful actions followed by their execution” 
(Buccino et al., 2012).  
Dance is a complex motor skill that is considered to be cognitively demanding to 
learn. Therefore, dance is often learned through watching others perform (also known as 
AO, modeling or demonstration) as opposed to relying only on verbal instructions.  
Observation of a motor skill can activate the human mirror neuron system (hMNS) within 
the brain similarly as if one were actually performing the skill (Rizzolatti & Craighero, 
2004).  
Available research supports the idea that AO-based learning can be an effective 
component of motor learning in physical training and rehabilitation settings (Celnik, 
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Webster, Glasser, & Cohen, 2008; Ertelt et al., 2007) across a variety of tasks and in a 
variety of populations.  Due to the diversity in published studies in terms of tasks, 
intervention goals, outcome measures and study designs, not all researchers have observed 
positive results from AO-based interventions (Ashford, Bennett, & Davids, 2006; K. Kim, 
2015).  Therefore, these discrepancies create the need for further research. 
Studies utilizing excitatory, anodal transcranial direct current stimulation (A-tDCS) 
have demonstrated an increase in potency of traditional motor learning interventions for 
unilateral motor tasks (Johansson, 2011; Lindenberg, Renga, Zhu, Nair, & Schlaug, 2010). 
Recent research suggests that bihemispheric anodal corticomotor tDCS (BAC- tDCS) may 
have a positive influence on bilateral motor tasks providing more powerful benefits than 
traditional unihemispheric tDCS (Gomes-Osman & Field-Fote, 2013). While A-tDCS has 
been studied extensively with unihemispheric and dual-hemispheric montages, BAC- 
tDCS has only recently been explored and the effectiveness of stimulation using a 
bihemispheric anodal montage on complex bimanual task performance is largely unknown.   
Furthermore, brain stimulation has been known to produce wide variability in 
responses among individuals.  One possible factor contributing to this inconsistency, 
though largely unexplored, is the individual’s history of participation in physical activity 
(Cirillo, Lavender, Ridding, & Semmler, 2009).  Assessing physical activity history may 
offer insight into which individuals may achieve greater benefit to motor learning and 
performance following brain stimulation.    
Combining AO and non-invasive brain stimulation is one way to potentially 
maximize learning during acquisition of motor skills by augmenting the effectiveness of 
each (Kaneko, Shibata, Hayami, Nagahata, & Aoyama, 2016).  While there have been 
3 
relatively few publications on the topic (and most use motor imagery instead of AO-based 
interventions), positive results have been reported when mental practice was combined 
with non-invasive brain stimulation (Foerster et al., 2013; Quartarone et al., 2004; Wade 
& Hammond, 2015). Further research needs to be completed to determine the most relevant 
way to enhance motor performance with these techniques (Ruffino, Papaxanthis, & Lebon, 
2017).   For example, no publication has reported using an AO-based intervention 
combined with BAC-tDCS to improve performance while learning a complex, whole-body 
motor skill such as those performed in dance. Positive findings would provide empirical 
support for more specific interventions that couple brain stimulation and AO with the goal 
of maximizing motor learning and performance for bimanual tasks.   
The overall purpose of this study was to examine the relationship (1) between motor 
learning (as inferred by dance performance) and an AO-based learning intervention and (2) 
between motor learning and a combined non-invasive brain stimulation/AO-based 
intervention with a complex, whole-body motor task.  
The first aim was to assess the replicability/reliability of dance sequence 
performance scoring using the X-box One KinectTM game Dance Central Spotlight so it 
could be used as a measurement tool for the remainder of the aims. The second aim was to 
determine whether AO prior to action execution would significantly improve an 
individual’s performance on a complex whole-body task (dance sequence).  If observation 
of the task assisted in learning of the task (as inferred by task performance), performance 
scores would be significantly better on dance sequences that individuals had viewed prior 
to execution than compared to those that were not observed. The third and final aim of this 
project was to determine whether the addition of non-invasive brain stimulation (BAC-
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tDCS) to an AO-based learning intervention would augment the effect of AO-based 
learning on dance performance metrics, as well as any modulatory effects of physical 
activity participation.  If the combination of BAC-tDCS/AO-based learning intervention 
augmented motor learning, dance performance scores would be greater after BAC-




The acquisition of motor skills is a defining characteristic of human existence and 
can lead to challenging and rewarding experiences throughout one’s lifetime.  Humans start 
in infancy by learning to smile, crawl and walk.  As individuals grow and mature, they can 
master complex sports and dance routines or ultimately achieve sophisticated interpersonal 
movement coordination.  As people continue to age and/or experience a medical event such 
as stroke, they may need to use compensation techniques or relearn activities of daily 
living. 
Motor learning/relearning has been shown to elicit numerous known and 
quantifiable changes in the central nervous system, including changes in synaptic strength, 
neuronal connections and production/release of neurotransmitters (Edwards, 2010).   
Learning is often inferred through changes in motor performance (Schmidt & Lee, 2005) 
and is the primary goal of researchers in the field of motor skill acquisition, especially those 
working with clinical populations.  Researchers have sought to develop and exploit novel 
techniques capable of increasing the speed or quality of motor learning/relearning. One of 
the most promising methods used by motor skill teachers is action observation (AO). While 
this technique is arguably the one that has been around the longest, novel technological 
approaches, including non-invasive brain stimulation, are providing new ways to leverage 
old techniques in ways that benefit learners (and relearners) like never before. 
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Dance and Action Observation 
Dance is a universal form of art and human expression (Hanna, 1988). Dancing 
utilizes movement of the human body, making it distinct from all other forms of art (Kirsch, 
Drommelschmidt, & Cross, 2013).  Numerous aspects of dance have made it a newly 
popular focus in experimental research.  Dance is often used to investigate the integration 
of movement and cognition.  This is due to its heavy reliance on critical components of 
human motor control, including perception-action coupling, motor program storage and 
retrieval, movement timing and synchronization (Blasing et al., 2012).  Moreover, typical 
dance movements involve multiple degrees of freedom across multiple limbs and are 
difficult to master quickly without prior experience (thus ceiling effects are not usually an 
issue) (Wulf & Shea, 2002).  Dance can be appropriate for use in longitudinal studies that 
examine long-term increases in motor learning, as well as short-term increases in 
performance.  Because many dance sequences are highly intricate and cognitively 
demanding, the use of verbal instruction can actually degrade learning by reducing the 
devotion of resources to dancing itself (Wulf & Weigelt, 1997).  Therefore, demonstration 
in dance (also referred to as modeling, AO or observational learning), delivered both prior 
to and immediately following movement instruction is often adopted as an alternative and 
superior form of instruction.  
Demonstration is not only useful in acquisition of dance skills, but it can be helpful 
in acquisition of numerous other motor skills.  For any motor skill in which duplication of 
a given movement (imitation) is the principal learning goal, demonstration is considered to 
be the ideal method of instruction (A. M. Williams & Hodges, 2005) as it robustly conveys 
both technique and timing information of the movement components (Hodges & Franks, 
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2002).  AO allows the learner to perceive the intention of the action and to match it to a 
desired outcome using the most direct means possible.  Early in the learning process, 
observation provides the learner with a novel coordination pattern via the presentation of 
relative spatial and temporal information about the relationship of limbs.  Later in learning, 
the learner can use the same information to extract dynamic features, such as scaling of the 
coordination pattern (Scully & Newell, 1985; Ste-Marie et al., 2012). 
The observer’s performance is a direct result of the observation process and is 
believed to be “due to the perception and use of action related features” acquired from the 
model (Hodges, Williams, Hayes, & Breslin, 2007).  An expert model can provide a visual 
blueprint or criterion for specific movements that cannot be obtained through verbal 
instructions (Hodges & Franks, 2002; Swinnen, 1996).  An unskilled model can help the 
learner detect errors and assist them in learning how to make the appropriate corrections 
(Rohbanfard & Proteau, 2011).  Additionally, in real-life practice, athletes take breaks to 
drink water, stretch and/or rest.  Often during that time, dancers and other athletes engaged 
in group sports observe others performing similar motor skills.  This observational practice 
during rest can contribute to the efficiency of training (Wulf & Shea, 2002) in the real 
world.  
 
Beneficial Effects of Action Observation in Healthy Populations 
Learning through observation has been studied in healthy individuals for over fifty 
years with a large emphasis on social learning.  In the 1960s, Bandura performed his 
famous “Bobo doll experiment” in which children were put in a room with an adult as the 
adult interacted (aggressively) with an inflatable clown doll.  The children modeled their 
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subsequent behavior towards the doll based on what they had observed from the adults 
(Bandura, Ross, & Ross, 1961).  Remarkably, a study completed in 1977 by Meltzoff and 
Moore discovered that infants as early as 12-21 days old could imitate facial and manual 
gestures.  More recently, research examining observation and imitation has expanded to 
include AO-based learning in motor skills. 
Data from numerous studies supports the idea that AO can significantly enhance 
the effects of physical training by priming the motor system and subsequently leading the 
brain to become generally more responsive to later practice (Stoykov & Madhavan, 2015).  
For example, one study found that individuals who observed a finger-movement sequence 
achieved a similar level of motor learning, in terms of an improved reaction time and error 
rate, as those individuals who completed physical practice (Heyes & Foster, 2002).  
Similarly, Black and Wright (2000) investigated individuals’ performance on a serial key-
press task in a retention test.  They discovered that individuals who participated in 
observational practice and those who participated in physical practice had equivalent 
improvements in error detection and overall timing as compared to those individuals that 
participated in neither observational nor physical practice.  Healthy individuals can also 
experience an increase in force production in abduction of their index and middle fingers 
following physical training or observation training alone compared to controls (Porro, 
Facchin, Fusi, Dri, & Fadiga, 2007).  In cases where AO appears not to directly improve 
performance, studies have found other, less obvious benefits. For example, in a study 
conducted by Shea, Wright, Wulf and Whitacre (2000) participants performed a computer 
task that involved pressing computer keys to keep a dot centered on a target line.  They 
found that individuals who underwent combined AO and physical practice performed no 
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differently in a retention test than those who participated in physical practice alone.  
However, on a transfer test utilizing a similar task except from a wandering target line, the 
group with combined practice outperformed the group who utilized physical practice alone.   
In addition to laboratory tasks, demonstration or observational learning has been 
used to enhance the acquisition of numerous complex and sport-related skills.  For 
example, novice soccer players who were exposed to either observation of a video or a 
point-light display of a model chipping a soccer ball were able to obtain the model’s 
movement coordination pattern while the control group was not.  Similarly, some data 
suggests that video demonstration is a more effective instructional method for a golf swing 
than either verbal instruction or self-guided practice (Guadagnoli, Holcomb, & Davis, 
2002).  Not only has visual demonstration resulted in better motor skill acquisition in some 
studies, Haguenauer et al. (2005) also determined that adding verbal instruction to a 
demonstration had provided no additional benefit when learning a figure skating jump.   
 
Beneficial Effects of Action Observation in Clinical Populations 
Importantly, observation of actions can also enhance physical training in clinical 
populations.  To date, AO-based treatment has been utilized for individuals with 
Parkinson’s disease, cerebral palsy, non-neurological patients such as those with 
orthopedic surgery of hip/knee and those individuals post stroke. According to Buccino 
(2014), a typical AO-based treatment in a neurorehabilitation session will last roughly 30 
minutes allowing for 12 minutes for observation and the remainder for instructions and 
execution of the task post AO.  
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The success of AO-based treatment with physical practice suggests that 
reorganization of motor representations may be occurring in the brain (Buccino, 2014).  
Priming the motor system with AO may promote neuroplasticity, assist in the 
reorganization within damaged brain areas and aid in compensation by other brain regions 
(Garrison, Aziz-Zadeh, Wong, Liew, & Winstein, 2013; Small, Buccino, & Solodkin, 
2012). AO-based treatment may affect performance even when musculoskeletal apparati 
needed to execute the skill are impaired. 
One such study examining the effect of adding AO to rehabilitation sessions for 
individuals post stroke was performed by Ertelt et al. (2007).  Those participants who 
received classic rehabilitation combined with an AO-based treatment displayed significant 
improvement in motor function tests (Frenchay Arm Test and Wolf Motor Function Test) 
as compared to those who received only classic rehabilitation.  Notably, functional 
magnetic resonance imaging (fMRI) data showed increased activation in the ventral 
premotor cortex (PMv), supplementary motor areas (SMA) and supramarginal gyrus in the 
group that received the combined treatment (Ertelt et al., 2007).  Similar results were seen 
when researchers attempted to augment gait training with AO in individuals post stroke 
(Bang, Shin, Kim, & Choi, 2013).  After four weeks of AO-based learning plus gait 
training, participants performed better in functional motor tests than controls.  Effect sizes 
of 1.27, 0.57, 2.34 and 0.37 were obtained in the timed up and go test, 10-meter walk test, 
6-minute walk test and maximal flexed knee angle in the swing phase during walking, 
respectively.  Sugg, Muelle, Winstein, Hathorn and Dempsey (2015) found that individuals 
with chronic stroke displayed greater increases in improvement in the Upper Extremity 
Fugl-Meyer Motor Assessment and Functional Test of the Hemiparetic Upper Extremity 
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after a combined intervention of AO and physical practice compared with a control group 
that utilized relaxation and physical practice.   
AO-based treatment may also come in the form of mirror therapy. In a study by 
Harmsen, Bussmann, Selles, Hurkmans and Ribbers (2015), individuals with chronic 
stroke participated in mirror therapy-based AO in which they learned a new movement via 
observation of a video of their mirrored unaffected arm performing an upper-arm reaching 
task along with intermittently performing the task with their affected arm.  Movement times 
improved significantly faster in the AO group as compared to the control group leading the 
authors to believe that an AO-based intervention can increase motor learning of a simple 
upper-arm motor task.   
A systematic review of randomized controlled trials in which AO was used as a 
teaching tool following stroke was recently completed by K. Kim (2015).  Eligible studies 
were written and published in English between 2000 and 2014 and included adult survivors 
of stroke who underwent AO-based therapy for improving upper limb function.  Of the five 
studies included in the review, four of them reported significant effects of motor recovery 
in the upper extremity in individuals who received an AO-based intervention compared to 
those who did not.  On the contrary, findings from Cowles et al. (2013) suggested that early 
physical practice in conjunction with observation might add little benefit to conventional 
physical therapy after stroke.   
Unfortunately, the conclusions provided by the studies from the systematic review 
and other studies previously mentioned were at times weakened by design discrepancies 
and limitations, such as between-subject designs with small groups or within-subject 
12 
designs that lacked washout periods.  Intervention goals and outcome measures also greatly 
varied.  These inconsistencies create a need for further research. 
 
Neural Basis of Action Observation and Action Observation-Based Learning 
Viewing actions, in the absence of overt movements, activates the action 
observation network (AON). This network is a broad system of neural regions (premotor, 
parietal and occipitotemporal cortices) in the human brain that are involved in all AO-
related processes (Cross, Hamilton, Kraemer, Kelley, & Grafton, 2009; Cross, Kraemer, 
Hamilton, Kelley, & Grafton, 2009; Cross, Liepelt, et al., 2011).  Arguably, this network 
may allow humans to understand actions and their underlying intentions (Prinz, 2006).  
Ultimately this ability may play a key role in the “complex interpersonal and social 
interactions” that make up human existence (Caspers, Zilles, Laird, & Eickhoff, 2010; 
Iacoboni, 2009; Rizzolatti & Fabbri-Destro, 2008). Similar brain activation patterns have 
been observed during movement observation and overt actions (Buccino et al., 2001; 
Buccino, Lui, et al., 2004; Roosink & Zijdewind, 2010), while complex tasks led to higher 
corticospinal excitability compared to simple tasks (Roosink & Zijdewind, 2010). 
One aspect of the AON that has received particular attention is the claim that it 
houses mirror neurons; specialized multi-modal neurons first discovered in monkeys that 
fire when an animal executes an action as well as when an animal observes another agent 
performing an action (di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992).  Mirror 
neurons are thought to be posed in a subset of the AON, the mirror neuron system of 
humans (hMNS), and appear to be bilaterally distributed across the hemispheres (Aziz-
Zadeh, Koski, Zaidel, Mazziotta, & Iacoboni, 2006).  Brain regions that are considered to 
be part of the hMNS include the posterior inferior frontal gyrus (IFG), posterior inferior 
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parietal lobule (IPL) and the superior temporal sulcus (STS) (Rizzolatti & Craighero, 
2004).   Unlike the IFG and IPL which are claimed to contain mirror neurons, the STS does 
not.  The neurons within the STS respond similarly to observation but do not activate 
during action execution.  The STS is still considered to be connected in the hMNS because 
it provides sensory input to the areas of the system containing mirror neurons (Keysers & 
Perrett, 2004) and may provide a visual description of an action that is critical for imitation 
(Aziz-Zadeh et al., 2006).   
There are other brain regions that play important roles in action understanding and 
are outside of, yet anatomically connected to, the hMNS.  Areas such as the insula, middle 
temporal gyrus, somatosensory cortex and the primary motor cortex (M1), can be 
considered part of the “extended hMNS” (Pineda, 2008).  Specifically, neurons within M1 
exhibit mirror neuron-like activity.  Findings indicate that neurons within M1 have 
increased excitability during AO as evidenced by increased amplitude of motor evoked 
potentials (MEPs) (Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995; Strafella & Paus, 2000). 
Moreover, research indicates that activity in the hMNS modulates activity in M1 during 
AO (Kilner, Marchant, & Frith, 2009). 
Even with the activation of M1 during AO, individuals can prevent overt execution 
of the action that they are viewing.  One study that attempted to explain the lack of 
movement while M1 was active discovered that activation of faciliatory neurons within 
M1 was reduced during observation while activation of the suppression neurons was 
increased (Vigneswaran, Philipp, Lemon, & Kraskov, 2013).  Although cortical activation 
during observation was similar to what was seen during execution, activation of neurons 
within the spinal cord during observation was not similar to what was typically seen during 
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execution.  Specifically, Baldissera, Cavallari, Craighero and Fadiga (2001) found that 
spinal cord excitability (as assessed by H-reflex recordings) during AO was opposite to 
what is typically found during execution of an action.  The size of H-reflex recordings from 
flexor digitorum superficialis showed an increase while observing hand opening (finger 
extension) and a decrease while observing hand closing (finger flexion) (Baldissera et al., 
2001).  This shows that observation, without any overt actions, can modify the excitability 
in one’s spinal cord.   Therefore, it appears that while the cortical brain regions may activate 
without restriction when observing actions, there is an inhibitory mechanism in the spinal 
cord that can prevent execution of overt movement in circumstances where it is 
unwarranted or undesirable (Rizzolatti & Craighero, 2004). 
AO and imitation are very closely related (Caspers et al., 2010), so closely related 
in fact that authors of several studies fail to distinguish between the two terms and others 
like them (i.e., observational learning and demonstration) (Heyes, 2001). When an 
individual observes an action being performed by others, it can be described as AO.  On 
the other hand, if an individual is directly copying the visual model or observed action, 
then the individual is imitating what was seen.  AO is considered to be the first step in 
imitation (Decety et al., 1997).  In contrast, learning through AO can occur without 
imitation actually taking place (Bandura, 1977).  The subsequent learned behavior 
performed by the observer may not be a direct copy of the observed action (as would occur 
with imitation).  Neuroimaging experiments comparing imitation to AO alone determined 
there was similar activation of a largely bilateral network of premotor, primary 
somatosensory, inferior parietal and intraparietal and temporo-occipital areas (Caspers et 
al., 2010).  However, there was a difference as AO experiments were associated with the 
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activation of the rostro-dorsal part of Broca’s area (Brodmann area 45) while the 
experiments utilizing imitation were associated with the activation of the caudo-ventral 
part (Brodmann area 44). 
 
Limitations to Action Observation-Based Learning Interventions 
While studies suggest that AO can improve the effects of physical training, 
observation-based (and similarly imagery-based) therapies and treatments have limitations.  
Unfortunately, not all studies found a link between AO and motor skill acquisition.  The 
lack of consistency in motor skills and demonstration strategies within research studies 
may possibly be adding to the ambiguity of its effect (Laguna, 2008).  Primarily, AO-based 
learning seems to be more effective for complex skills than simple skills (Wulf & Shea, 
2002).  As cognitive demands for complex skills far outweigh those for simple skills, AO 
(compared to physical practice) may work to reduce the processing load for more complex 
movements, thereby leading to better training efficiency.  Secondly, AO-based learning 
appears to be maximally beneficial in improving performance when the to-be-learned task 
is the same or similar to the task being observed (Celnik et al., 2008).  The individual’s 
intention while undergoing AO may also make a difference.  For example, observation 
with the specific intent to imitate more strongly activates the hMNS and increases 
corticospinal excitability compared to passive observation or observation for another 
purpose (Buccino, Vogt, et al., 2004; Frey & Gerry, 2006; Roosink & Zijdewind, 2010; 
Suchan, Melde, Herzog, Homberg, & Seitz, 2008). Another limitation of AO-based 
learning is that it requires a large amount of attention to be paid to the task being observed 
(Buccino, 2014).  Individuals with attentional deficits may benefit minimally from AO-
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based therapies.  Rohbanfard and Proteau (2011) reported that observing demonstrations 
of both expert and novice models produces better performance than observing only expert 
models or only novice models.  Lastly, AO-based learning alone leads to less significant 
enhancements in motor performance than physical practice alone (Black & Wright, 2000; 
Shea et al., 2000).    
 
Effects of Expertise/Familiarity on Action Observation 
AO and the hMNS do not function in the same manner across all individuals and 
movements. Behavioral research has suggested that an individual’s familiarity with motor 
actions may affect how that individual perceives observed actions.  For example, those 
with a higher level of expertise experienced less variability in the activation of brain 
networks during AO as compared to beginners (Amoruso et al., 2017).  Bunnino, Lui and 
colleagues (2004) indicated that actions within one’s own motor repertoire may be more 
easily mapped on one’s own motor system allowing them to obtain a personal perspective 
of the observed action.   
Numerous neuroimaging studies support the idea that the more familiar a 
movement is, the more activity it will elicit in the hMNS.  In one such study when expert 
dancers observed a familiar dance style, as opposed to unfamiliar dance style, researchers 
found greater bilateral activation in the premotor cortex, intraparietal sulcus, right superior 
parietal lobe and left posterior STS.  The authors hypothesized that this heightened activity 
was due to the integration of observed actions with one’s own pre-existing motor repertoire 
(Calvo-Merino, Glaser, Grezes, Passingham, & Haggard, 2005).  A similar study found 
that, while observing piano playing, expert pianists had stronger activation in regions 
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within the fronto-parieto-temporal cortices compared to non-pianists (Haslinger et al., 
2005).  Expert dancers demonstrated greater activation in the left IPL and PMv when 
observing a dance sequence that they had rehearsed compared to observing a sequence that 
they had not rehearsed (Cross, Hamilton, & Grafton, 2006).   A comparable study indicated 
that activity in the premotor and parietal areas was present not only during AO of dance 
sequences that had been rehearsed but also during AO of dance sequences that had been 
previously watched (Cross, Kraemer, et al., 2009).  
It should be noted that some studies have reported decreased brain activation in the 
hMNS when observing familiar actions as compared to unfamiliar actions (Babiloni et al., 
2010; Cross, Liepelt, et al., 2011; Vogt et al., 2007).  Cross, Liepelt, et al. (2011) proposed 
that the AON may have to work harder with unfamiliar movements to create action 
representation when there is little previous information available.  If certain movements 
are unfamiliar to an observer, they may capture greater attention.  
 A suggested explanation for the discrepancy in patterns of brain activation stems 
from different definitions of the terms “familiar” and “unfamiliar”.  For example, actions 
may be considered familiar from a visual or physical standpoint. The individual may be 
physically familiar with the task as they may have overtly rehearsed it or they may be 
visually familiar as they have observed the task often, but have never personally performed 
it (Calvo-Merino, Grezes, Glaser, Passingham, & Haggard, 2006).  
Taken together, the above studies demonstrate that practice and exposure to a 
movement modulate the brain’s response to AO. The extent and direction of this 
modulation, as well as how much and what type of experience is necessary to see such 
effects, remain unknown. In light of these findings, Cross, Liepelt, et al. (2011) proposed 
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that there may not be a linear relationship between action familiarity and brain activation.  
Instead, observation of actions at the extremes of the familiarity spectrum (i.e., actions that 
are either extremely unfamiliar/unpredictable or extremely familiar/predictable) may elicit 
higher activation levels in the AON, while observation of “generally familiar” actions may 
result in weaker signal/activation.  The unfamiliar or extremely familiar actions may be 
perceived to be more interesting to those individuals who already have a detailed motor 
representation or wish to generate a new one.  Liew, Sheng, Margetis and Aziz-Zadeh 
(2013) suggested that observed actions produce increased engagement of the frontal 
regions of the AON when the individual is experienced.  These individuals are better able 
to process goals and intentions.  Those individuals with less experience may need to 
increase activity of sensorimotor regions to participate in visuomotor learning. 
Beyond mere familiarity with an action, an observer’s ability to physically 
reproduce an action also influences the neural correlates of AO.  Diersch et al. (2013) 
observed increased activation in the hMNS when participants observed an action that they 
were able to generally reproduce as compared to observing actions that they could easily 
reproduce or not reproduce.  Those generally reproducible actions may have action 
representations that need to be constantly revised as they are less precisely predicted while 
predictive representations for non-reproducible actions are less efficient or are non-
existent. 
 
Conclusions in Action Observation 
The act of observing motor skills has been shown to improve motor learning and 
performance across a variety of tasks and in a variety of populations. Neuroscientific 
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investigations have made great strides towards establishing the brain basis of AO by 
demonstrating the activation of the hMNS and connected brain regions along with 
increased MEPs with AO.  Current research suggests that improvements in skill acquisition 
resulting from AO rely on changes within the AON and that these changes are, at least in 
part, due to strong links/overlap between the AON and motor execution networks.  The 
studies reviewed here suggest that AO can be an important part of motor learning and 
rehabilitation interventions.  However, discrepancies in certain factors have produced 
several inconsistent findings.  These factors must be considered in current literature and in 
future experimental designs to avoid confounders and to determine when and how to best 
use AO-based learning methods.  For example, investigations should attempt to observe 
and perform the same action, have the intent to imitate and be comprised of skills of 
increased complexity.  A large majority of AO-based studies take place in laboratory 
settings and explore between-subject behavioral changes without considering inter-
individual variability in performance.  An effort should be made to include other settings 
(or tasks that can be used or observed in other settings) and designs exploring within-
subject changes. 
 
Transcranial Direct Current Stimulation in Motor Learning Research 
Brain stimulation can modulate brain activity by increasing desired neuronal 
activity, suppressing undesirable neuronal activity and/or restoring equilibrium between 
interrelated neural networks (Fregni & Pascual-Leone, 2007).  One type of non-invasive 
brain stimulation that dominates motor learning and rehabilitation literature at the moment 
is transcranial direct current stimulation (tDCS) (Ferrucci et al., 2008; Hummel et al., 2005; 
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Nitsche et al., 2008; Nitsche et al., 2003; Priori, 2003; Reis et al., 2009; Wassermann & 
Grafman, 2005).  The number of studies published in this field utilizing tDCS has 
dramatically increased over the last 15 years (Appendix A).  
 
Basic Mechanisms of Action in Transcranial Direct Current Stimulation 
tDCS is a non-invasive form of neurostimulation that uses weak electrical current 
to alter activation of specific brain areas.  tDCS acts as a neuromodulatory intervention 
(Fregni & Pascual-Leone, 2007).  By applying electrical current between two or more 
electrodes on the scalp it is possible to alter the resting membrane potential of underlying 
neurons (Jang et al., 2009; Nitsche et al., 2008).  The simplest electrode montage used in 
research studies involves placing either the anodal or cathodal electrode on the scalp over 
the brain area of interest while the other is used as a reference electrode and is placed on 
another part of the body such as the shoulder or neck. The membrane potential of neurons 
directly beneath the cathode is deflected in the negative direction, while the potential of 
neurons beneath the anode are deflected in a positive direction (Ruffini et al., 2013). The 
negative deflection caused by cathodal stimulation makes it less likely that a neuron will 
fire in response to incoming signals from other neurons, while the positive deflection 
caused by anodal stimulation makes it more likely that an action potential will be elicited 
in response to incoming signals from presynaptic neurons. Critically, the electrical current 
produced by anodal-tDCS (A-tDCS) does not cause the neurons to generate an action 
potential.  Rather, A-tDCS increases the probability that a neuron will generate an action 
potential in response to incoming signals from other neurons within the network activated 
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during (in the majority of motor-related studies cited in this review) the execution of a 
behavioral task.   
tDCS is thought to produce changes in a variety of systems.  However, the 
underlying mechanisms of tDCS are yet to be fully clarified.  It is thought that tDCS 
impacts cortical neurons by modulating sodium and calcium ion channels.  The positively 
charged ions are pushed away from anode and then pulled towards the cathode, while the 
negatively charged ions are pulled towards anode (Reinhart, Cosman, Fukuda, & 
Woodman, 2017).  N-methyl-D-aspartate (NMDA) receptor activation influences the after-
effects of tDCS by increasing synaptic strength (Liebetanz, Nitsche, Tergau, & Paulus, 
2002). A-tDCS also produces locally reduced amounts of the inhibitory neurotransmitter 
gamma-aminobutyric acid (GABA) (Stagg et al., 2009).  Further studies have found that 
tDCS can enhance brain derived neurotrophic factor (BDNF) secretion and activation of 
tyrosine receptor kinase B (TrkB), which promote synaptic plasticity and motor learning 
(Fritsch et al., 2010). 
 
Electrode Montages of Transcranial Direct Current Stimulation 
Research on the innate interhemispheric inhibition within the motor system 
suggests that dual-hemispheric tDCS (also referred to as bihemispheric tDCS or dual 
tDCS) of M1 is more beneficial than unihemispheric stimulation (anodal or cathodal 
stimulation alone).  In dual-hemispheric tDCS, the anode and cathode are placed over 
opposite cortical hemispheres.  The idea is that bihemispheric stimulation, rather than 
having a simple additive effect, would capitalize on this natural oppositional organization 
pattern to maximize learning housed in a specific area. (Lindenberg, Nachtigall, Meinzer, 
22 
Sieg, & Floel, 2013). Specifically, cathodal-tDCS (C-tDCS) will decrease the excitability 
in the stimulated brain region, which may facilitate the contralateral hemisphere by 
inhibiting interhemispheric inhibition.  One such example that utilized dual-hemispheric 
tDCS by placing the cathode electrode over the dominant motor cortex and the anode 
electrode over the non-dominant cortex was a study by Vines, Cerruti and Schlaug (2008).  
Results indicated that learning in the non-dominant hand was maximized when using dual-
hemispheric tDCS as compared to unihemispheric A-tDCS.   Similar results have also been 
observed in individuals post stroke (Lindenberg et al., 2010).   
Many studies utilizing tDCS report performance improvements of unimanual skills 
and do not consider bimanual skills.  Unlike unimanual skills, bilateral skills activate 
bilateral brain networks.  Therefore, it has been proposed that when tasks include bimanual 
skills, the electrode montage should be adjusted accordingly.  Bihemispheric anodal 
corticomotor tDCS (BAC-tDCS), which is a relatively new montage, uses two anodal 
electrodes on opposing brain regions and two reference (cathodal) electrodes.  One study 
placed the anodes over the right and left corticomotor hand areas and the reference 
electrodes over the bilateral supraorbital areas.  The participants who received multiple 
consecutive sessions of BAC-tDCS showed greater increases in bimanual task performance 
compared to sham-tDCS (Gomes-Osman & Field-Fote, 2013).  More recently, application 
of high-definition BAC-tDCS in conjunction with motor training on multiple days was 
shown to improve performance on the Perdue Pegboard Test (Pixa, Steinberg, & 
Doppelmayr, 2017b) and cup stacking task (Pixa, Steinberg, & Doppelmayr, 2017a).  
These examples provide support for the further exploration of BAC-tDCS in 
learning/relearning of bimanual motor skills. At this time, the research utilizing BAC-tDCS 
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is limited in number and restricted to studies that use multiple sessions of stimulation and 
simultaneous overt motor training. 
 
Beneficial Effects of Transcranial Direct Current Stimulation in Healthy and 
Clinical Populations 
Studies suggest that CNS stimulation can effectively enhance motor learning in 
individuals as it can prime the motor system for further stimulation or motor activity.  For 
example, A-tDCS applied to M1 can improve implicit motor learning in healthy adults 
(Nitsche et al., 2003).  In a study by Vines, Nair and Schlaug (2006), A-tDCS placed over 
M1 improved contralateral hand performance and C-tDCS improved ipsilateral hand 
performance in finger sequencing movements (providing evidence for interhemispheric 
inhibition).  Similarly, anodal stimulation of the non-dominant motor cortex enhanced 
motor function on the Jebsen Taylor Hand Function test (JTT) (Boggio et al., 2006).  
Due to these positive findings in healthy populations, tDCS is being considered and 
implemented in clinical research and rehabilitation settings. One such population that has 
been investigated is survivors of stroke.  After a stroke, individuals often show decreased 
corticospinal activity on the lesioned side and hyper-inhibitory signals from the non-
lesioned side.  Hummel and Cohen (2005) revealed that the use of tDCS can help improve 
function in a stroke population. Functional improvement in small daily living tasks was 
seen in the paretic hand of patients with stroke after completing A-tDCS on M1 of the 
affected hemisphere.  Fregni et al. (2005) found similar results including improved 
performance after C-tDCS on the unaffected hemisphere.  Dual-hemispheric tDCS (when 
the anode and cathode are placed on the lesioned and non-lesioned side, respectively) is 
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thought to upregulate the lesioned side producing greater excitability and downregulate the 
non-lesioned side by inhibiting the interhemispheric-inhibition. 
Peters, Edwards, Wortman-Jutt and Page (2016) completed a review of tDCS and 
stroke articles published between 2014 to 2015.  Of the nine articles that utilized a dual-
hemispheric montage, eight displayed positive results. Most (16/18) of the gathered studies 
using anodal stimulation showed positive upper extremity outcomes.  Peters et al. (2016) 
suggested the difference between the anodal studies that showed positive effects versus the 
remaining two studies that showed null effects may be due to stimulation intensity.  The 
articles with null effects were conducted at a lower intensity (1mA) than the positive ones 
(1.5-2mA).  In addition, it appeared that results tended to be positive when tDCS was used 
with concurrent motor training. 
A large majority of studies associated with tDCS encourage the use of brain 
stimulation or suggest that it may be a promising tool.  Unfortunately, it is not clear what 
causes the divergence of results in positive and negative/null studies.  As research that 
utilizes tDCS interventions varies greatly in terms of type of task, outcome measures, 
frequency of stimulation and tDCS settings, the best stimulation practices and designs must 
continue to be sought out. 
 
Physiological Effects of Transcranial Direction Current Stimulation 
Effects produced by tDCS can be seen in the form of physiological changes.  For 
instance, when A-tDCS is applied to the primary sensorimotor cortex increases in cortical 
excitability can be seen using fMRI (Jang et al., 2009).  Another study measured regional 
cerebral blood flow (rCBF) through fMRI as an indication of brain activity (Zheng, Alsop, 
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& Schlaug, 2011).  A large increase in rCBF was seen during anodal stimulation which 
dropped back to baseline post-stimulation before slightly increasing again.  A smaller 
increase was seen during cathodal stimulation; however, rCBF dropped to below baseline 
post-stimulation.  A study by Lang et al. (2005) using tDCS simultaneously with positron 
emission tomography demonstrated widespread increases and decreases (with anodal and 
cathodal, respectively) in rCBF in cortical and subcortical areas.  In a study by Nitsche and 
Paulus (2000), a significant increase in motor-cortical excitability was shown through 
increased MEP amplitudes of the abductor digiti minimi during anodal stimulation while a 
decrease was seen with cathodal stimulation.  Similar increases in excitability following 
A-tDCS were seen in other studies (Jeffery, Norton, Roy, & Gorassini, 2007; Nicolas. 
Lang, Nitsche, Paulus, Rothwell, & Lemon, 2004; Nitsche et al., 2005).  
 
Long-term Effects and Limitations of Transcranial Direct Current Stimulation 
 Non-invasive brain stimulation, when abiding by specific parameters, can produce 
lasting effects beyond merely the stimulation time.  Length of the after-effects depends on 
the current intensity and duration of stimulation.  To induce an after-effect using an 
intensity of 1 mA, tDCS must run for at least three minutes (Nitsche & Paulus, 2000).   
Unfortunately, the after-effects associated with stimulation durations of even five to seven 
minutes are extremely short term as cortical excitability returns to baseline within a few 
minutes after stimulation (Nitsche & Paulus, 2001).  When longer stimulation durations 
are used, A-tDCS induces sustained elevated cortical excitability in the motor cortex that 
can last for several minutes to a couple hours.  At 1.0 mA, stimulation for 9 minutes can 
show elevated excitability for 30 minutes after stimulation while stimulation for 13 minutes 
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can show effects lasting 90 minutes (Nitsche & Paulus, 2001).  Therefore, if the goal of 
future experiments is to induce after-effects, special consideration must be placed on the 
length of stimulation used. 
Although CNS stimulation has many benefits, there are also limitations to its uses.  
One such restriction, according to Marquez, Zhang, Swinnen, Meesen and Wenderoth 
(2013), is that the beneficial effects of anodal-tDCS over M1 are dependent upon the task 
(specifically, the task characteristics and attentional demands).  The nature of the task 
determines which brain areas contribute to learning and formation of memories. Therefore, 
the effects produced but tDCS depend on the degree to which the brain areas under the 
electrodes are involved.  Complex tasks appear more likely to experience improvements 
compared to simple tasks when tDCS is applied over the motor cortex (Reis et al., 2008).  
In addition, the timing of the application of tDCS relative to motor training can influence 
its effects on skill performance.  Concurrent A-tDCS application and motor training tends 
to lead to increased early and delayed motor performance (Reis & Fritsch, 2011).    
 
Individual Variability in the Response to Non-invasive Brain Stimulation 
Another possible limitation of non-invasive forms of brain stimulation is the high 
variability in neurophysiological and behavioral responses observed among individuals.  
While certain brain stimulation protocols may induce plasticity in some people, they may 
have no effect or the opposite in other individuals. This variability has been linked to 
numerous known and unknown factors.   Ridding and Ziemann (2010) reviewed several 
potential causes of variability such as age, genetics and sex.  Krause and Kadosh (2014) 
completed a more recent review also including variability associated with hormonal 
27 
fluctuations and time of day that the individual is being stimulated.  Specifically, tDCS has 
been known to produce inter-individual variability even when all stimulation parameters 
are identical in the protocol.  For example, a study by Kim et al. (2014) applied A-tDCS to 
all participants’ dorsolateral prefrontal cortex (DLPFC).  After stimulation, participants 
were separated into groups based on their improvement or lack of improvement on a verbal 
working memory task.  Using MRI data, it was determined that those participants who 
experienced improvement on the task after tDCS had a larger current density at the DLPFC 
compared to those participants who did not improve on the task.  The authors suggested 
that this may be due to anatomical differences among participants (J. H. Kim et al., 2014).  
Another study indicated that individual head anatomy, such as skull and arrangement of 
gyri and sulci, influence variations in tDCS current flow (Datta, Truong, Minhas, Parra, & 
Bikson, 2012).  Datta et al. (2012) suggested future studies should gather participant-
specific anatomical data, such as MRI scans, to better individualize stimulation protocols.  
It also appears that individuals who have more room for behavioral improvement on a 
given task tend to benefit from tDCS more so than individuals who have high performance 
to begin with (Tseng et al., 2012). 
To decrease potential inter-individual variability, other types of stimulation, such 
as transcranial magnetic stimulation (TMS) and paired associative stimulation (PAS), can 
set the intensity level of stimulation according to the individual.  However, tDCS protocols 
are typically set to a fixed intensity level for all participants, which does not account for 
differences in cortical excitability among individuals.  One study attempted to predict the 
efficacy of tDCS based upon individual differences in sensitivity to brain stimulation 
(Labruna et al., 2016).  This was accomplished by obtaining the stimulation intensity level 
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of TMS to the left motor cortex that was required to produce criterion MEP amplitude size 
for each participant at the right abductor digiti minimi muscle.  It was determined that the 
individuals who required lower intensity stimulation levels had greater sensitivity to tDCS 
as greater increases in TMS-induced MEPs (up to 30 minutes after tDCS) were seen. 
Some of the features that influence variability in non-invasive brain stimulation can 
be easily controlled, such as age, sex and pharmacology. Other features are not as easily 
assessed and controlled for, such as anatomical differences or neurotransmitter levels, due 
to barriers such as time constraints or lack of funds.  Furthermore, researchers believe that 
populations used for tDCS studies can be broken down into those who respond to the 
stimulation (responders), as assessed by cortical excitability, and those who do not (non-
responders) (Lopez-Alonso, Cheeran, Rio-Rodriguez, & Fernandez-Del-Olmo, 2014).  
This separation forces researchers to examine inter-individual variability more closely 
before and after data collection.  
 
Physical Activity and its Effect on the Brain and Responsiveness to Non-Invasive 
Brain Stimulation 
Another factor that should be considered as a potential cause of inter-individual 
variability is the history of physical activity participation of the individual.  Animal and 
human research is in agreement that physical activity benefits brain structure and function 
(Voss, Vivar, Kramer, & van Praag, 2013).  For example, a six-month aerobic fitness 
training protocol in healthy older adults can produce increases in gray matter density and 
overall brain volume (Colcombe et al., 2006).  Additional studies have shown physical 
activity can modulate certain neurotransmitters, hormones and amino acids (Heijnen, 
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Hommel, Kibele, & Colzato, 2015).   For instance, an acute bout of aerobic exercise can 
lead to a temporary increase in peripheral BDNF in healthy individuals (Szuhany, Bugatti, 
& Otto, 2015) with high intensity exercise having a larger increase in BDNF than low-
intensity (Knaepen, Goekint, Heyman, & Meeusen, 2010). The effect on the change (pre 
to post exercise) of BDNF levels is further intensified after an aerobic training regimen 
(Szuhany et al., 2015).  The response of resting peripheral BDNF levels to aerobic training 
(multiple bouts) widely varies within the available research, but a small possible increase 
in levels after training may be seen (Dinoff et al., 2016; Szuhany et al., 2015).  In addition, 
regular (and acute) physical activity may act as a way to prime the motor system (Stoykov 
& Madhavan, 2015).  Individuals with higher levels of physical activity have shown 
improvements in neurocognitive functions such as learning and memory compared to 
sedentary individuals (Masley, Roetzheim, & Gualtieri, 2009; McDonnell, Buckley, Opie, 
Ridding, & Semmler, 2013; Winter et al., 2007).   
While the research is scarce, it can be inferred based upon differences seen in brain 
structure and function that individuals with a history of high participation in physical 
activity and those with a history of sedentary behavior or relatively low participation may 
have diverse physiological and subsequent varied behavioral responses to non-invasive 
stimulation.  For example, Cirillo, Lavender, Ridding and Semmler (2009) used paired 
associate stimulation (PAS), a technique that combines TMS and electrical stimulation of 
the median nerve, to explore the relationship between M1 excitability and activation of the 
abductor pollicus brevis muscle in highly active versus sedentary adults. Analysis of input-
output curve plots revealed a stronger (steeper) relationship between MEP amplitude and 
stimulus intensity in the physically active group compared to the sedentary group.  In the 
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physically active group, as assessed by the International Physical Activity Questionnaire 
(IPAQ), an increase in MEP amplitude was observed after PAS while a change in MEP 
amplitude was not seen in sedentary individuals.  These results led the authors to conclude 
that physically active individuals may be more susceptible to the effects of PAS and 
therefore show improved neuroplasticity/excitability relative to sedentary individuals 
(Cirillo et al., 2009).  In another relevant and related study, Vallence et al. (2015) explored 
whether a shortened and easily administered questionnaire assessing participants’ history 
of exercise (short-version of the IPAQ) could explain some of the variability observed in 
responses to noninvasive brain stimulation.  In this study, the authors recorded MEP 
amplitude from the first dorsal interosseous muscle before and after continuous theta burst 
stimulation (cTBS) in both physically active and sedentary groups.  In contrast to the 
previous study, Vallence et al. (2015) did not find a significant correlation between 
physical activity levels and plasticity induced by brain stimulation. One possibility for 
these divergent findings is that they included individuals with moderate physical activity 
levels in the physically active group while Cirillo et al. (2009) only included individuals 
engaged in extremely high levels of physical activity.  Lastly, the study by Vallence et al. 
(2015) utilized the less-sensitive short version of the IPAQ. 
 
Conclusions in Transcranial Direct Current Stimulation 
 tDCS is a non-invasive form of brain stimulation that is portable, relatively 
inexpensive and easy to use compared to other types of brain stimulation.  Anodal 
stimulation produces electrical current rendering underlying neurons more likely to 
produce action potentials due to the alteration in their resting membrane potentials.  
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Increases in cortical excitability have been seen at the neurological level with A-tDCS and 
at the behavioral level with improvements in motor performance and function in healthy 
and clinical populations.  Unfortunately, a large majority of these studies fail to look at 
bimanual tasks, which are necessary in everyday life.  BAC-tDCS has only recently been 
explored and the effectiveness of stimulation and optimal protocols using a bihemispheric 
anodal montage on complex bimanual task performance is largely unknown.  Further 
research examining responsiveness to BAC-tDCS, while taking into consideration 
differences among individuals, is needed.  Furthermore, there are limitations to the use of 
tDCS that need to be taken into account during experimental research studies including 
inter-individual variability to stimulation.  Experiments investigating the impact of 
physical activity participation on sensitivity to non-invasive brain stimulation remain 
equivocal.  
  
Combining Action Observation and Brain Stimulation to Maximize Learning 
Based on positive motor performance and neurophysiological findings associated 
with both AO-based learning interventions and A-tDCS, it may be valuable to investigate 
the combination of these two approaches to further enhance motor learning.  Very few 
publications have assessed the combination of non-invasive brain stimulation and mental 
practice.  Wade and Hammond (2015) were first to report that A-tDCS of the premotor 
cortex during AO of a computer key sequence task enhanced observational motor learning.  
Other currently available research uses motor imagery (where the individual 
internally rehearses the action in their working memory) as mental practice instead of AO.  
One such study demonstrated that tDCS over M1 could produce lasting effects on cortical 
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excitability during motor imagery (Quartarone et al., 2004).  Additionally, when tDCS was 
placed over M1 during motor imagery of hand movements, a greater increase and decrease 
was seen in mean mu event-related desynchronization in electroencephalogram (EEG) 
recordings after A-tDCS and C-tDCS, respectively, compared to imagery alone 
(Matsumoto et al., 2010).  Another study showed that motor performance of handwriting 
was significantly improved when A-tDCS was applied to M1 with concurrent participation 
in motor imagery compared to sham stimulation (Foerster et al., 2013).  Saimpoint et al. 
(2016) further demonstrated that A-tDCS over M1 led to greater improvements in 
performance than either A-tDCS or mental imagery alone and this improvement was still 
present after a 90-minute delay in testing.  Lastly, larger improvements in postural control 
performance were seen when motor imagery was performed simultaneously with A-tDCS 
over M1 compared to sham (Saruco et al., 2017). 
AO and motor imagery are both considered to be forms of mental practice.  
According to the motor-simulation theory of Jeannerod (2001), motor execution, imagery 
and observation share common neural substrates.  A meta-analysis, which identified the 
brain areas recruited by motor imagery compared to AO, concluded that a large overlap 
was present (Hardwick, Caspers, Eickhoff, & Swinnen, 2017).  Due to the commonality in 
activation of brain regions, it can be assumed that motor imagery and AO share similar 
mechanisms and therefore have and will produce similar results in motor learning.   
Increased cortical excitability seems to be necessary to facilitate motor learning 
(Nitsche et al., 2003) and both AO and A-tDCS can increase cortical excitability on their 
own.  The mechanisms underlying the positive effects of combined mental practice and A-
tDCS are essentially unknown.  It has been suggested that A-tDCS might aid in activity-
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dependent neuroplasticity within those networks that are engaged in motor simulation 
(Saruco et al., 2017).  Specifically, learning-related synaptic connections within M1 (and 
areas possibly adjacent) may be strengthened (Rioult-Pedotti, Friedman, & Donoghue, 
2000; Saimpont et al., 2016). 
While the combination of AO and tDCS seems to be promising, more research must 
be done to provide additional support to the undersized body of literature presently 
available and to explore remaining unanswered questions.  Additional research is necessary 
to determine the feasibility and effectiveness of combining AO (instead of motor imagery) 
and tDCS.  Furthermore, the effect on long-term retention of a motor skill has yet to be 
explored.  Lastly, previous studies utilized neither complex bimanual tasks nor BAC-tDCS.  
These should be investigated to expand knowledge in the field of motor learning.  Positive 
findings regarding the combination of tDCS and AO-based learning interventions may 
significantly impact motor learning, rehabilitation and training techniques/trends in the 
future.   
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CHAPTER 3 






















Research supports the idea that action observation (AO)-based training can be an 
effective component of physical training and rehabilitation. While much is known about 
the benefits of AO for simple movements, less is known about the utility of AO-based 
training for complex, whole-body sequences of movements.  The purpose of the first study 
was to assess the replicability/reliability of dance sequence performance scoring using the 
X-box One KinectTM game Dance Central Spotlight to justify its use as the primary 
measurement tool for future studies. The purpose of the second study was to determine 
whether AO prior to action execution would improve an individual’s performance on a 
complex, whole-body task (i.e., dance).  For Study 1, twenty-nine right-handed, healthy 
adult females (M = 21.09 years, SD = 2.99 years) completed three thirty-second trials of 
repetitive arm flapping in synchrony with a metronome. Test-retest reliability was 
measured using the intraclass correlation coefficient (ICC) based on a single measurement, 
absolute-agreement, two way mixed-effects model. For Study 2, ten right-handed, healthy 
adult females (M = 23.40 years, SD = 3.44 years) with little to no dance experience were 
randomly assigned to observe (four consecutive times) one of two chosen dance sequences 
(DANCEA and DANCEB) from Dance Central Spotlight. Participants then performed the 
observed dance and the dance they had not seen using the KinectTM device to quantify the 
accuracy with which participants reproduced the dances.  After a washout period (M = 5.40 
weeks, SD = 1.42), participants returned to observe the other dance followed by performing 
both dances. A good to excellent degree of test-retest reliability was seen for Study 1 (ICC 
= 0.89 [95% CI 0.78-0.95]).  For Study 2, performance scores were greater when 
individuals had viewed the dance sequence prior to execution compared to when they had 
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not observed the sequence prior to execution.  This outcome was observed for DANCEA, 
which was perceived to be more difficult, but not for DANCEB.  Dance Central Spotlight 
can be used to obtain reliable measures for complex, whole-body motor skills such as 
dance.  AO may be able to improve learning of a relatively difficult, complex, whole-body 
sequence of movements. 
 
Introduction 
Maintaining tight perception-action coupling is critical for dancers as they maintain 
control of their motor system, invoke movement memory and maintain synchronization 
(Blasing et al., 2012).   As dance is considered to be highly complex and cognitively 
demanding to learn, it is often used to investigate the integration of movement and 
cognition.  Movements or sequences in dance are often learned through watching others 
perform (also referred to as modeling, action observation [AO] or observational learning) 
as opposed to relying on alternative forms of instruction (Gonzalez-Rosa et al., 2015). 
When duplication of a given movement (imitation) is the principal learning goal, as is often 
the case with dance, demonstration is considered to be the ideal method of instruction (A. 
M. Williams & Hodges, 2005).  Early in the learning process, observation provides the 
learner with a novel coordination pattern via the presentation of relative spatial and 
temporal information about the relationship of limbs.  Later in learning, the learner can use 
the same information to extract dynamic features, such as scaling of the coordination 
pattern (Scully & Newell, 1985; Ste-Marie et al., 2012). 
Viewing actions, in the absence of overt movements, activates the action 
observation network (AON).  This network is composed of multiple bilateral neural regions 
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(premotor, parietal and occipitotemporal cortices) in the human brain that are involved in 
action and perception related processes (Cross, Hamilton, et al., 2009; Cross, Kraemer, et 
al., 2009; Cross, Liepelt, et al., 2011) and may allow humans to understand actions and 
their underlying intentions (Prinz, 2006).  The AON is thought to contain mirror neurons.  
Observation of a motor skill can activate these mirror neurons within the brain similarly as 
if one were actually performing the skill (Rizzolatti & Craighero, 2004). Current research 
suggests that improvements in skill acquisition resulting from AO rely on changes within 
the AON and that these changes are, at least in part, due to strong links/overlap between 
the AON and motor execution networks (J. A. Williams, Pascual-Leone, & Fregni, 2010). 
Studies propose that the observation of actions can significantly enhance the effects 
of physical training by priming the motor system and subsequently leading the brain to 
become generally more responsive to later practice (Stoykov & Madhavan, 2015).  In 
addition to the activation of certain brain regions, AO can also lead to changes in motor 
performance. In a motor skill transfer test, Shea, Wright, Wulf and Whitacre (2000) found 
that individuals who underwent combined AO and physical practice on a key pressing task 
outperformed those who participated in physical practice alone.  Furthermore, individuals 
who observed a finger-movement sequence (Heyes & Foster, 2002) and a serial key 
pressing task (Black & Wright, 2000) achieved similar levels of motor improvement in 
performance as those who completed physical practice instead.  Positive effects of 
observation can also be seen in more complex tasks.  For example, Gonzalez-Rosa et al. 
(2015) detected increased activation of cortical resources along with improved motor 
performance when individuals observed a complex task utilizing upper and lower limb 
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coordination. The increase and improvement seen in the observation group outweighed 
changes seen in the motor imagery group and the control group. 
Critically, not all researchers have observed positive results from AO-based 
interventions (Ashford et al., 2006; K. Kim, 2015).  Negative findings reported by 
researchers investigating the relationship between AO and motor skill acquisition may be 
due to a host of methodological issues (Laguna, 2008).  For instance, AO-based learning 
seems to be more effective for complex skills than for simple skills (Wulf & Shea, 2002), 
yet simple skills are often used in data collection due to the ease of performance 
measurement.  Moreover, tasks that are chosen in studies tend to be discrete skills, skills 
that are not applicable outside of the laboratory or do not involve multi-limb coordination.  
In addition, published studies vary greatly in terms of intervention goals, outcome 
measures and study designs.  A large majority of AO-based studies take place in laboratory 
settings (Ste-Marie et al., 2012) and explore between-subject behavioral changes without 
considering inter-individual variability in performance.  In some instances when 
researchers have utilized within-subject designs, there is failure to include a washout period 
to reduce learning effects caused by post-testing.  The inconsistencies and limitations 
within the current body of literature must be considered as they create a need for further 
research in order to determine the feasibility and effectiveness of AO within individuals as 
they perform complex, whole-body sequences of actions. 
The overall purpose of this study was to examine the relationship between motor 
learning and an AO-based learning intervention using a complex, whole-body motor task.  
The aim of the first study was to assess the replicability/reliability of dance sequence 
performance scoring using the X-box One KinectTM game Dance Central Spotlight to 
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justify its use as the primary measurement tool for future studies.  The aim of the second 
study was to determine whether AO prior to action execution would improve an 
individual’s performance on a complex whole-body task (i.e., dance) compared to without 
observation.  If observation of the task assisted in learning, as inferred by task performance, 
an individual’s performance scores would be significantly better when they had viewed the 
dance sequence prior to execution compared to when they had not observed the sequence 
prior to execution. 
 
Study 1 Methods 
Participants 
Twenty-nine young adult females (M = 21.20 years, SD = 2.99) were recruited for 
participation from the university community.  In order to be eligible to participate, 
individuals had to be: (1) female, (2) between 18 to 30 years old, (3) capable of performing 
whole-body physical activity and (4) right handed as assessed by the Edinburgh 
Handedness questionnaire (Oldfield, 1971).  All participants provided informed consent 
prior to enrollment.  This study was conducted in accordance with the Declaration of 
Helsinki and approved by the Institutional Review Board at the University of South 
Carolina. 
Reliability Testing 
All participants stood approximately 2 to 2.5 meters in front of a television screen 
which was connected to Xbox One and KinectTM system.  A metronome (set at a speed of 
56 beats per minute) and a chosen dance (DANCEREL) on Dance Central Spotlight (Rated 
T for teen) were simultaneously started.  When instructed by the experimenter, participants 
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produced a repetitive “flapping” motion for 30 seconds in time with the metronome while 
the KinectTM system recorded a score.  The motion involved clapping directly above their 
heads with elbows extended and then swinging arms down in the frontal plane to tap the 
outside of their thighs.  The television screen was blocked and volume was muted to ensure 
participants focused on moving in time with the metronome instead of the game itself.  A 
demonstration was shown prior to the first trial to ensure similar movements and timing 
among participants.  Participants repeated this for a total of 3 trials each lasting 30 seconds.  
The scores produced by the KinectTM system were recorded. 
Statistical Analysis 
Test-retest reliability was assessed between Trial 1 and Trial 2 scores by calculating 
an intraclass correlation coefficient (ICC).  (These two trials were used for analyses as 
future studies would only obtain two trials at post-testing.  ICC analyses with Trial 3 were 
also similar.)  ICC estimates and their 95% confidence intervals were calculated using 
SPSS statistical package version 21 (IBM Corp., 2012) based on a single measurement, 
absolute-agreement, 2-way mixed-effects model.  Also, in order to visually assess the 
agreement between both trial scores, a Bland-Altman plot was used which marked the 
difference between Trial 1 and Trial 2 scores against the mean of the scores (Bland & 
Altman, 1986).  The 95% limits of agreement, which are mean ± 1.96 * standard deviation 
of the difference, indicates how far apart the scores are likely to be for most individuals 
(Bland & Altman, 1999). 
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Study 1 Results 
A good to excellent degree of test-retest reliability was found between participants’ 
Trial 1 and Trial 2 scores from Xbox KinectTM Dance Central Spotlight game.  The single 
measure ICC was 0.89 with a 95% confidence interval from 0.78 to 0.95, F(28, 28) = 17.42, 
p < .001.  Figure 3.1 shows the agreement between the mean of Trial 1 and Trial 2 and the 
difference between the trials in a Bland-Altman plot. The mean difference of the 
performance scores between the two trials was 146.72.  The limits of agreement or the 
expected difference between performance scores was between -1071.47 and 1364.92. 
 
Study 2 Methods 
Participants 
Ten young adult females (M = 23.40 years, SD = 3.44) were recruited for 
participation from the university community.  In order to be eligible to participate, 
individuals had to be: (1) female, (2) 18 to 30 years old, (3) capable of performing whole-
body physical activity and (4) right handed as assess by the Edinburgh Handedness 
questionnaire (Oldfield, 1971). Because the dances used in the experiment were relatively 
simple, individuals were excluded that had reported having more than six months of formal 
dance training or dance video game experience.  Individuals with symptoms of inattention 
or hyperactivity, as assessed by the Adult Self-Report Scale (ASRS) for Attention Deficit 
Hyperactivity Disorder (ADHD) (Kessler et al., 2005), were excluded from the study as 
they may have been unable to properly attend to and observe the dance sequences.  This 
study was conducted in accordance with the Declaration of Helsinki and approved by the 
Institutional Review Board at the University of South Carolina. 
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Procedure and Randomization 
All participants attended two sessions, each lasting approximately one hour in 
length, and both were dance oriented.  Sessions 1 and 2 were held a minimum of four weeks 
apart (M = 5.40, SD = 1.42). The length of this delay was chosen to minimize practice 
effects between the two sessions.  In both sessions, participants received the intervention, 
which consisted of observing one of two dance sequences, and completed post-testing, 
which consisted of performing both dance sequences.  Prior to the initial training session, 
each participant was randomly assigned to one of two possible condition orders. While 
each participant performed both sequences in each session, half of the participants were 
randomly assigned to observe DANCEA prior to testing while the other half observed 
DANCEB prior to testing. When participants returned for the second session, they observed 
the opposite dance (crossover) and were subsequently tested on both dances (Figure 3.2).  
The dance sequence assigned to the participant during the intervention was referred to as 
their ‘observation dance’.  The other dance sequence was the ‘novel dance’ sequence and 
was only seen at post-testing. 
Action Observation Intervention  
Participants sat in a chair approximately 2 to 2.5 meters in front of a television 
screen connected to Xbox One and the KinectTM system.  Participants watched the assigned 
observation dance sequence (randomized to DANCEA or DANCEB) being performed by 
the avatar four times (approximately 13 minutes).  Participants were instructed not to 
perform any overt movements during this time.  As observation with the intent to imitate 
(compared to passive observation) more strongly activates the hMNS and increases 
corticospinal excitability (Buccino, Vogt, et al., 2004; Frey & Gerry, 2006; Roosink & 
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Zijdewind, 2010; Suchan et al., 2008), participants were advised that they would be 
expected to perform the dance with the game and the KinectTM system after observation 
was complete. 
Post-testing  
After completing the intervention, participants stood approximately 2 to 2.5 meters 
in front of the television screen in preparation for performing the dance sequences (Figure 
3.3a).  Participants were instructed to try their best to be as accurate and in time with the 
avatar as possible while mirroring the avatar’s movements.  The observation dance was 
started on Dance Central Spotlight and the participants performed the dance.  Participants 
then performed the novel dance which was not seen during the intervention within that 
session.  Participants completed each dance sequence two times, alternating between the 
observations and novel dances.  Participants were provided with water and rest in-between 
performances as needed.  Post-testing lasted roughly 15 to 20 minutes.  The KinectTM 
system produced scores for each performance, which were manually recorded by the 
experimenter. 
Dance Sequences 
The two dance sequences used for this study (“#thatPOWER” by will.i.am featuring 
Justin Bieber as DANCEA and “Titanium” by David Guetta featuring Sia as DANCEB) 
came from the Xbox One KinectTM game called Dance Central Spotlight (Rated T for teen).  
The dance sequences within Dance Central Spotlight involved, at the most basic level, 
moving in time to the music being played; i.e., making movements that were synchronized 
to the beat of the currently playing song.  When sequences were displayed to the 
participants during the intervention and post-tests, they were presented by a female avatar 
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(Figure 3.3b).  Both sequences were approximately three minutes each in length.  The 
sequences were chosen due to a variety of dance movements included and their expected 
appeal to participants.  Both sequences were assigned to the same level of difficulty within 
the game (dance difficulty level = Standard).  
Dance Performance   
The raw scores for each post-test performance, along with other performance 
elements, were reported by the KinectTM system.  Performance metrics included the 
number of moves characterized as “Flawless”, “Awesome” and “Nice” and were recorded 
by the experimenter.  For an earlier version of the game, Kirsch, Drommelschmidt and 
Cross (2013) had developed a formula to obtain an objective numeric score that included 
all elements of performance as assessed by the KinectTM system.  The formula was adapted 
for the current version of the game; 
Overall performance scores = “Nice” moves * 1000 + “Awesome” moves * 
5000 + “Flawless” moves *10000 + raw numeric score. 
Overall performance scores were obtained from the two trials of DANCEA and two 
trials of DANCEB in Session 1 and Session 2 for all participants.  The two trials in Session 
1 for DANCEA were averaged along with the two trials for Session 2.  DANCEB trials were 
similarly averaged. 
Participant Perception 
As a manipulation check to ensure that participants viewed themselves as relatively 
inexperienced dancers, all participants were asked the following question during their 
initial session: “Please report a number (0-10 with 10 being the best) based on how good 
of dancer you feel that you are” (Question 1; M = 4.25, SD = 2.10).  Because of the 
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suspicion that action complexity might interact with AO and to be able to account for 
perceived differences in difficulty between the two dances, participants were also asked 
how hard they perceived the dance to be (0-10 with 10 being hardest) (Question 2).  Finally, 
the experimenter asked participants to rate their performance after each dance (0-10 with 
10 being the best) (Question 3). 
Statistical Analysis 
A 2x2 within-subjects analysis of variance (ANOVA), with factors for dance 
(DANCEA, DANCEB) and condition (Observation, No observation), was run for dance 
performance scores.  Specifically, to infer whether receiving AO of DANCEA augments 
learning, the average performance score when being used as the observation dance was 
compared to the average performance score when being used as the novel dance (when 
they did not observe the dance during that session).  A one-tailed matched pairs t-test was 
conducted to compare performance scores of DANCEA after AO and after no AO in the 
session.  This was also conducted for Dance B.  
Participant responses to perception Questions 2 and 3, were averaged across trials 
and sessions.  To determine if there was a difference in difficulty and performance 
perception between DANCEA and DANCEB, a Wilcoxon Signed-Rank Test was used for 
Question 2 and 3 responses.  A Pearson’s correlation coefficient was computed to assess 
the relationship between participant perception for Question 2 (averaged across 
trials/sessions when receiving AO and averaged across trials/sessions when not receiving 
AO) and dance performance scores (averaged across trials/dances after AO and after no 
AO).  This was repeated to assess the relationship with Question 3 and dance performance 
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scores also.  All calculations were run using SPSS statistical package version 21 (IBM 
Corp., 2012). 
 
Study 2 Results 
Main Effects 
There was a significant main effect of dance on performance scores, F(1,9) = 20.43, 
p < .01, indicating that DANCEB performance scores (M = 6678991.98, SD = 2600113.08) 
were greater than DANCEA performance scores (M = 4008010.23, SD = 2836805.13) 
(Figure 3.4). There was a significant main effect of condition on performance scores, F(1,9) 
= 11.15, p < .01, suggesting that the performance scores after AO (M = 5778830.02, SD = 
4908172.18) were greater than after no AO (M = 2917176.87, SD = 3107084.12). The 
interaction effect was non-significant, F(1,9) = .58, p = .46. 
Action Observation Effects Between Dances 
Even though the interaction was non-significant, upon visual inspection of scores 
and participant perception ratings, differences in intervention scores were explored 
between the two dances.  There was a significant difference in the DANCEA performance 
scores after AO (M = 4701433.75, SD = 2684993.79) and no AO (M = 3314586.70, SD = 
933347.36) conditions, t(9) = 1.87, p = .047 (Figure 3.4).  However, there was not a 
significant difference in the DANCEB performance scores after AO (M = 6856226.30, SD 
= 2859489.42) and no AO (M = 6501757.65, SD = 2454764.40) conditions, t(9) = .50, p = 
.31. These results suggest that when individuals observed DANCEA prior to performance 
their performance scores were higher than when they did not observe DANCEA prior to 
performance.  DANCEB scores did not vary between observing and not observing the 
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dance.  The effect size for the analysis comparing AO and no AO for DANCEA (d = 0.59) 
suggested moderate significance. 
Participant Perception 
DANCEA was rated more difficult than DANCEB, z = -2.26, p = .02, and 
participants rated that they had performed more poorly with DANCEA than DANCEB, z = 
-2.50, p = .01.  Ratings for Question 2 were not correlated to dance performance scores 
with AO, r(8) = <0.01, p = 0.99, or no AO, r(8) = -0.17, p = 0.63. Ratings for Question 3 
were significantly correlated with scores after AO, r(8) = 0.95, p < 0.01, and scores after 
no AO r(8) = 0.83, p < 0.01, indicating that there was a strong positive relationship between 
how well a participant felt they performed and dance performance scores regardless of 
intervention (Table 3.1). 
 
Discussion 
This study examined the relationship between motor learning and an AO-based 
learning intervention using a complex, whole-body motor task.  To determine if Xbox One 
KinectTM game Dance Central Spotlight could be used as the primary measurement tool 
for future studies, the replicability/reliability of dance sequence performance scoring was 
assessed.  This dependent measure exhibited a good to excellent degree of test-retest 
reliability between trials, thereby demonstrating that the gaming system can reliably 
measure change in dance performance.  Subsequently, an experiment was completed that 
studied whether AO prior to action execution would improve an individual’s performance 
on a complex whole-body task using Xbox KinectTM Dance Central Spotlight.  Consistent 
with the authors’ hypothesis, a greater improvement in performance scores was seen when 
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individuals had viewed the dance sequence prior to execution compared to when they had 
not observed the sequence prior to execution.  Unexpectedly, this significant difference 
held true for DANCEA but not for DANCEB. 
 Results of the current study are comparable to experiments that explored AO-based 
learning of motor skills of healthy individuals (Black & Wright, 2000; Heyes & Foster, 
2002).  More specifically, motor learning was seen to improve complex, whole-body 
sequences of actions after observation (Gonzalez-Rosa et al., 2015).  Yet not all the results 
found within this study are positive.  Unlike performance scores on DANCEA, performance 
scores on DANCEB did not improve following observation.  Within the dance video game, 
DANCEA and DANCEB were graded at the same difficulty level (Standard Level), had 
similarities in movements and similar tempos (as assessed by beats per minute).  Yet, these 
dances were not identified as being equivalent by participants.  Specifically, DANCEA was 
perceived to be more difficult and participants perceived their performance to be worse for 
DANCEA as compared to DANCEB.  Moreover, participants scored significantly lower on 
DANCEA. 
A potential cause for the differences in scores between DANCEA and DANCEB 
might be the difference in how each dance was affected by AO.  Previous research has 
shown that more complex skills, which DANCEA could be considered according to 
participant perceptions, are more likely to benefit from AO compared to relatively less 
complex skills (DANCEB) (Wulf & Shea, 2002).  In addition, when skills are rated as being 
more difficult to reproduce, as was seen with DANCEA, an increase in activation of the 
occipitotemportal and parietal portions of the AON can typically be observed relative to 
activity observed for dances that are easier to imitate (Cross, Kirsch, Ticini, & Schutz-
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Bosbach, 2011).  Another possible source for the differences between dance performance 
scores might be that DANCEB was simply too easy and participants experienced a ceiling 
effect.  Ultimately, while both dances were novel to all participants, the differences in 
familiarity that the participants had with the songs may have played a role in their 
performance.  According to comments made by some participants, the song for DANCEB 
had been more frequently heard outside of this study.  Due to the novelty of DANCEA’s 
song, participants may have been more engaged or interested in that dance (Cross, Liepelt, 
et al., 2011). 
A strength of this study was that participants were used as their own control with a 
washout period aimed at reducing learning effects caused by repeated testing with 
DANCEA and DANCEB.  As was seen in pilot testing by this laboratory, high inter-
individual variability would have made it difficult to detect significant results between 
individuals.  Additionally, while this study did take place within a laboratory setting, the 
X-box One KinectTM game Dance Central Spotlight is designed for home use with a built-
in, objective scoring system.  Therefore, observation of dances, even at home (i.e., 
watching while a friend is playing with the gaming system), can produce greater 
improvements in learning. 
This study does have some limitations.  First, this study quantified motor learning 
through overt behavioral changes but did not obtain any neurophysiological data.  Further 
research obtaining this data (i.e., pre- and post-motor evoked potentials, 
electroencephalogram, or functional magnetic resonance imaging) may give better insights 
into the different perceptions of DANCEA and DANCEB.  Secondly, the fact that this study 
chose to examine a relatively homogeneous population decreases the ability to generalize 
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these findings to other populations. However, it was more important to control for as many 
potential confounding variables as possible in this initial set of experiments.  This study 
chose to utilize participants who had less than six months of formal dance training (or 
dance video game training) in alignment with previous research (Cross, Kirsch, et al., 2011; 
Kirsch et al., 2013) as expertise/familiarity with an action can change the amount of activity 
produced in the hMNS system (Cross, Liepelt, et al., 2011).  A change in the learning curve 
or a ceiling effect may have occurred if highly trained dancers were included. 
This study was limited by the capabilities of the Dance Central Spotlight game.  
Live models were not present as computerized avatars performed dances within the game.  
Also, the avatars were only capable of performing the dances perfectly (such as experts 
would) so it was not possible to assess learning after watching novice models or models 
with mixed levels of experience.  Furthermore, participants were not able to immediately 
imitate the observed dances.  Even in post-testing, the movements had to be performed 
simultaneously with the avatars in order to achieve superior scores from the motion 
tracking system.  Dance performance scores may have been greater if participants were 
able to imitate during the invention, but it would have been impossible to distinguish at 
post-testing whether it was observation or physical practice (immediate imitation) that was 
facilitating motor learning.  Lastly, this study did not obtain information regarding 
participant learning preferences.  It is unclear whether learning styles influenced 
acquisition of this task as it included visual, auditory and kinesthetic characteristics.  
Obtaining learner preferences in the future, may provide insight. 
Another consideration is the amount of observation time each participant 
completed.  Buccino (2014) suggested that observation should last for 12 minutes in a 
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neurorehabilitation session.  This study’s intervention was not for neurorehabilitation 
purposes, but the AO intervention lasted approximately 13 minutes (to show the observed 
dance four complete times).  It is unknown how dance scores would be affected if the 
intervention length was altered or if there were multiple observation sessions for each 
dance. 
In the future, researchers and clinicians need to consider the difficulty of the task 
when attempting to utilize an AO-based learning intervention.  In working with a healthy 
population, future experiments should explore behavioral changes for multiple complex, 
whole-body tasks that are classified with similar taxonomies but vary more in their 
perceived levels of difficulty.  In addition, other populations may be included such as males 
or those with varying levels of experience.  Supplementary data may be gathered by 
assessing learners’ use of mental practice and mental practice abilities through self-report 
measures, such as the Functions of Observational Learning Questionnaire (Cumming, 
Clark, Ste-Marie, McCullagh, & Hall, 2005) or the revised Movement Imagery 
Questionnaire (Hall & Martin, 1997). 
Special populations, such as individuals after stroke, would be ideal participants to 
explore complex skill learning as these individuals may obtain the most benefit (due to 
initial inability to physically practice the skill due to motor deficits or loss of endurance) 
but also may have cognitive or attentional deficits that make it challenging to complete the 
intervention.  Although observation-based learning can be helpful for the acquisition of 
motor skills, it is not as potent as actual physical practice and depends heavily on factors 
like expertise, complexity of skill and attentional capacities.  Therefore, an effort should 
be made to determine if the addition of other intervention modalities can augment its 
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effects.  Specifically, future studies should explore variations in applying non-invasive 
brain stimulation during concurrent observation of actions. 
 
Conclusion 
 In conclusion, results for the current study indicate that a complex, whole-body 
sequence task can be feasibly and effectively learned through an AO-based learning 
intervention.  Researchers and clinicians may need to focus on AO of more difficult tasks, 
as improvement in performance can be seen when the task is perceived to be more difficult.  
In addition, future studies can reliability use the X-box One KinectTM game Dance Central 




Figure 3.1 Bland-Altman Plot. Displays the difference between scores for Trial 1 and Trial 
2 against their mean.  The solid line displays the mean difference in between the two trial 















































Bland-Altman Plot: Performance Scores
Lower Limit of Agreement = -1071.47





Figure 3.2 Graphical Depiction of Experimental Design for Study 2.   
* Illustrates independent variable randomization.  Participants observed DANCEA during 
one of the sessions and observed DANCEB during the other session. 
  
SESSION 2
Action Observation Intervention of DANCEA or DANCEB* 




Action Observation Intervention of DANCEA or DANCEB* 
Post-test for DANCEA and DANCEB
SCREENING
Edinburgh Handedness Questionnaire 
Adult Self-Report Scale for Attention Deficit Hyperactivity Disorder
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a.                                                     b.  
 
 
Figure 3.3 Examples of Dance Central Spotlight Game and Performance Set-up. (a) 
Laboratory set up for physical performance with Xbox KinectTM and Dance Central  
Spotlight video game. (b) Illustration of the female avatar used in the Dance Central 




Figure 3.4 Dance Performance Scores. Average performance scores are presented by 
dance and condition.  The dark gray bars represent performance scores with observation 
of the dance while the light gray bars represent performance scores without observation 
of the dance during the session.  Error bars denote two standard error.  



































Table 3.1 Correlations Among Dance Performance Scores and Participant Perceptions. 
 
 Performance Scores after 
Action Observation 
Performance Scores after 
No Action Observation 
Action Observation   
     Question 2 <0.01  
     Question 3 0.95*  
No Action Observation   
     Question 2  -0.17 
     Question 3  0.83* 
 
Values represent Pearson’s correlations between dance performance scores (averaged for 
both dances) and participant perceptions when receiving action observation (AO) and when 
not receiving AO.  Question 2 asked participants to rate how hard they perceived the dances 
to be (0-10 with 10 being hardest). Question 3 asked participants to rate their performance 
after each dance (0-10 with 10 being the best). 
* p <0.05 
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CHAPTER 4 
ENHANCING DANCING: EXAMINING THE POTENCY OF A 






















Based on positive motor performance and neurophysiological findings associated 
with both action observation (AO)-based learning interventions and anodal-transcranial 
direct current stimulation (A-tDCS), it may be valuable to investigate the combination of 
these two approaches to further enhance motor learning.  A single experiment that 
investigated the combination of these two approaches found positive results when 
combining A-tDCS of the premotor cortex and AO of a computer key sequence task.  The 
current study sought to extend these results by examining the effect of a combined 
treatment on a more complex, whole-body task using bihemispheric anodal corticomotor 
tDCS (BAC-tDCS).  Specifically, the purpose of this study was to examine the relationship 
between motor learning and a combined non-invasive brain stimulation/AO-based 
intervention by testing performance on a complex, whole-body motor skill.   Additionally, 
this study attempted to test the hypothesis that an individual’s history of physical activity 
could modulate the effects of this combined treatment.  Twenty-three right-handed, healthy 
adult females (M = 20.44 years, SD = 2.15) with little to no dance experience were assigned 
to two groups within a cross-over design.  During the first session, all participants observed 
(four times) a specific dance sequence from the Xbox KinectTM game Dance Central 
Spotlight.  Half of the participants received BAC-tDCS during observation and the other 
half received sham.  Participants performed the observed dance at the Immediate Post-test 
and 1 Week Post-test with using the KinectTM device to quantify the accuracy with which 
participants reproduced the dances.  After a washout period (M = 5.09 weeks, SD = 1.72), 
participants returned to observe the dance and were counterbalanced with either BAC-
tDCS or sham.  In addition, all participants completed the International Physical Activity 
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Questionnaire (IPAQ) and performed a proxy pre-test dance at the beginning of the first 
and third session as a control for baseline performance differences.  Performance scores 
were better at 1 Week Post-test than Immediate Post-test but performance scores did not 
differ between AO/BAC-tDCS and AO/Sham conditions.  There was a moderate, positive 
correlation between physical activity, as assessed by IPAQ scores, and overall 
improvement in dance performance scores after AO/Sham but not AO/BAC-tDCS.  An 
interaction effect was seen between time (Immediate Post-test and 1 Week Post-test) and 
the order in which participants received the intervention (AO/BAC-tDCS and AO/Sham).  
BAC-tDCS combined with an AO-based learning intervention is feasible but more research 
must be done to assess its effectiveness as an order or learning effect may have masked 
any beneficial effects.  Furthermore, prior physical activity levels should be considered in 
individuals as it is unclear how one’s history of physical activity may affect their rate of 
motor learning or responsiveness to non-invasive brain stimulation. 
 
Introduction 
Maintaining tight perception-action coupling is critical for dancers as they maintain 
control of their motor system, invoke movement memory and maintain synchronization 
(Blasing et al., 2012).  As dance is considered to be highly complex and cognitively 
demanding to learn, it is often used to investigate the integration of movement and 
cognition.  Movements or sequences in dance are often learned through watching others 
perform (also referred to as modeling, action observation [AO] or observational learning) 
as opposed to relying on alternative forms of instruction (Gonzalez-Rosa et al., 2015). 
When duplication of a given movement (imitation) is the principal learning goal, as is often 
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the case with dance, demonstration is considered to be the ideal method of instruction (A. 
M. Williams & Hodges, 2005).  Early in the learning process, observation provides the 
learner with a novel coordination pattern via the presentation of relative spatial and 
temporal information about the relationship of limbs.  Later in learning, the learner can use 
the same information to extract dynamic features, such as scaling of the coordination 
pattern (Scully & Newell, 1985; Ste-Marie et al., 2012). 
Action observation (AO; also referred to as demonstration, modeling or 
observational learning) can be used as an instructional technique to promote motor learning 
and rehabilitation.  Viewing actions, in the absence of overt movements, activates the 
action observation network.  This network is thought to contain mirror neurons that fire 
when one executes an action and when one observes another performing a similar action 
(di Pellegrino et al., 1992).  Researchers and clinicians interested in maximizing motor 
learning, especially in populations that may have an impaired ability to physically perform 
a task or lack the environment required for task practice, are keenly interested in the precise 
brain basis or action AO-based learning approaches along with its relative strengths and 
weaknesses. 
Studies propose that the observation of actions can significantly enhance the effects 
of physical training by priming the motor system, effectively preparing the brain so that it 
is more responsive to subsequent practice/learning (Stoykov & Madhavan, 2015).  On a 
transfer test involving simple unimanual key presses, Shea, Wright, Wulf and Whitacre 
(2000) reported that individuals who underwent combined AO and physical practice 
outperformed those who learned via physical practice alone.  In addition, individuals who 
participated in observational practice showed similar performance improvements in finger 
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movements (Black & Wright, 2000; Heyes & Foster, 2002) and force production as 
compared to those who participated in physical practice (Porro et al., 2007).  Similarly, 
utilizing a complex motor task involving upper and lower limb coordination, Gonzalez-
Rosa et al. (2015) demonstrated greater improvements in performance following AO as 
compared to motor imagery or control interventions.  While a number of studies clearly 
and convincingly demonstrate the benefits of AO on subsequent motor performance, the 
beneficial effects of AO often pale in comparison to the beneficial effects of actual practice 
(Black & Wright, 2000; Shea et al., 2000).  This is one reason that researchers have become 
interested in the development of techniques designed to enhance the effects of AO-based 
teaching approaches. 
One potentially promising technique is transcranial direct current stimulation or 
tDCS. This non-invasive form of brain stimulation involves the application of direct 
current, usually drawn from a small battery (typically 1-2 mA), to the scalp.  tDCS is 
portable, relatively inexpensive and easy to use even without extensive knowledge of brain 
anatomy as compared to other types of brain stimulation.  The application of anodal 
stimulation (A-tDCS) produces electrical current rendering underlying neurons more likely 
to produce action potentials due to the alteration in their resting membrane potentials.  
Studies suggest that such CNS stimulation can effectively enhance motor learning in 
individuals as it can prime the motor system for further stimulation or motor activity. 
More specifically, improvements in performance of motor skills have been seen in 
studies utilizing dual-hemispheric A-tDCS, where the anode and cathode are applied to 
brain regions on opposing hemispheres (Boggio et al., 2006; Nitsche et al., 2003; Vines et 
al., 2008; J. A. Williams et al., 2010).  Unfortunately, most of the tasks used by researchers 
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to investigate these effects rely on unimanual skills that are less complex than sophisticated 
bimanual and multi-limb skills, which are of more interest to clinicians and rehabilitation 
specialists (i.e., activities of daily living [ADLs]).  Unlike unimanual skills which typically 
elicit brain activity contralateral to the side on which the action is performed, bimanual 
skills usually evoke bilateral brain activity.  Therefore, it has been proposed that when tasks 
include bimanual skills a different tDCS montage may be optimal for improving learning.  
Bihemispheric anodal corticomotor tDCS (BAC-tDCS), which leverages a relatively novel 
electrode arrangement, uses two anodal electrodes on opposing brain regions of interest 
along with two reference (cathodal) electrodes (both placed on either another cranial or 
extracranial region).  For example, in one recent study that used this montage, the anodes 
were placed over the right and left corticomotor hand areas and the reference electrodes 
were positioned over the bilateral supraorbital areas.  The participants who received 
multiple consecutive sessions of BAC-tDCS showed greater increases in bimanual task 
performance compared to sham-tDCS (Gomes-Osman & Field-Fote, 2013).  At this time, 
the research utilizing BAC-tDCS is limited in number and restricted to studies that use 
multiple sessions of stimulation and simultaneous overt motor training.  Therefore, 
researchers should explore the application of BAC-tDCS to determine its effectiveness in 
motor learning of complex, multi-limb skills. 
Based on positive motor performance and neurophysiological findings associated 
with both AO-based learning interventions and A-tDCS (and given the critical need to 
speed motor learning in clinical and sports settings), it may be valuable to investigate the 
combination of these two approaches to further enhance motor learning.  Increased cortical 
excitability seems to be necessary to facilitate motor learning (Nitsche et al., 2003) and 
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both AO and A-tDCS can increase cortical excitability on their own.  It has been suggested 
that A-tDCS might aid in activity-dependent neuroplasticity within those networks that are 
engaged in motor simulation (Saruco et al., 2017).  Specifically, learning related synaptic 
connections within the primary motor cortex (M1; and areas possibly adjacent) may be 
strengthened (Rioult-Pedotti et al., 2000; Saimpont et al., 2016). While only a single 
experiment has investigated the effects of a combined approach that relies on both non-
invasive brain stimulation and mental practice (Wade & Hammond, 2015), the results were 
promising in that the authors found that A-tDCS of the premotor cortex during AO of a 
computer key sequence task significantly enhanced observational motor learning.  
While not directly applicable, further evidence that tDCS can be synergistically 
combined with motor simulation comes from research on motor imagery (where the 
individual internally rehearses the action in their working memory).  For example, when 
A-tDCS was applied to M1 with concurrent participation in motor imagery, an 
improvement in handwriting performance (Foerster et al., 2013) and postural control 
performance (Saruco et al., 2017) were seen compared to sham or A-tDCS alone, 
respectively.  Saimpoint et al. (2016) further demonstrated that A-tDCS over M1 led to 
greater improvements in performance that were still present after a 90-minute delay in 
testing.  According to the motor-simulation theory of Jeannerod (2001), motor execution, 
imagery and observation share common neural substrates.  A meta-analysis, which 
identified the brain areas recruited by motor imagery compared to AO, concluded that a 
large overlap was present (Hardwick et al., 2017).  Due to the commonality in activation 
of brain regions, it can be assumed that motor imagery and AO share similar mechanisms 
and therefore have and will produce similar results in motor learning. 
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While the combination of AO and tDCS seems to be promising, more research must 
be done to bolster the body of literature currently available and to explore key unanswered 
questions.  First, further research is necessary to determine the feasibility and effectiveness 
of combining AO (instead of motor imagery) and t-DCS. The technique of setting up and 
applying tDCS is not likely to be optimal or even possible in all situations or in all 
populations.  Secondly, the effect of combined therapies on long-term retention and 
transfer of motor skills has yet to be explored.  Additionally, previous studies utilized 
neither complex, bimanual tasks nor BAC-tDCS.  These oversights should be rectified to 
expand knowledge in this field.  Positive findings regarding the combination of tDCS and 
AO-based learning interventions may significantly impact motor learning, rehabilitation 
and training techniques/trends in the future. 
Finally, an important limitation of non-invasive forms of brain stimulation is the 
high variability in neurophysiological and behavioral responses observed among 
individuals.  In particular, experiments investigating the impact of prior physical activity 
participation on sensitivity to non-invasive brain stimulation remain equivocal (a critical 
topic as many clinical disorders directly impact physical activity participation).  While the 
research is scarce, it can be inferred, based upon differences seen in brain structure and 
function, that those individuals with a history of high participation in physical activity and 
those with a history of sedentary behavior or relatively low participation may have diverse 
physiological and subsequent varied behavioral responses to non-invasive stimulation.  For 
example, Cirillo, Lavender, Ridding and Semmler (2009) concluded that physically active 
individuals may be more susceptible to the effects of stimulation and would therefore show 
improved neuroplasticity/excitability relative to sedentary individuals.  In contrast, 
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Vallence et al. (2015) did not find a significant correlation between physical activity levels 
and plasticity induced by brain stimulation.  Assessing the relationship between physical 
activity history and the effectiveness of single and combined approaches to motor learning 
enhancement may offer insight into which individuals will achieve the greatest benefit 
from these potentially powerful emerging technologies/techniques. 
The purpose of this study was to examine the relationship between motor learning 
and a combined non-invasive brain stimulation/AO-based intervention with a complex, 
whole-body motor task.  More specifically, the authors wished to determine whether the 
addition of non-invasive brain stimulation (BAC-tDCS) to an AO-based learning 
intervention would augment the effect of AO-based learning on dance performance metrics 
immediately after intervention and at a one-week retention test.  If the combination of 
BAC-tDCS/AO-based learning intervention augmented motor learning, an individual’s 
dance performance scores would be greater after BAC-tDCS/AO compared to after AO 
alone and their improvement in dance performance scores would be present at the retention 
test.  Additionally, this study attempted to test the hypothesis that prior physical activity 
alters the modulatory effects of this combined treatment. Higher levels of physical activity 
in individuals were expected to be positively correlated with performance scores.  The 
results of this study could have important implications for clinicians and physical therapists 
interested in maximizing the effects of AO-based learning approaches and might help 






Twenty-three young adult females (M = 20.44 years, SD = 2.15) were recruited for 
participation from the university community (Figure 4.1).  In order to be eligible to 
participate, individuals had to be: (1) female, (2) 18 to 30 years old, (3) capable of 
performing whole-body physical activity and (4) right handed as assessed by the Edinburgh 
Handedness questionnaire (Oldfield, 1971).  Individuals were excluded that had reported 
having more than six months of formal dance training or dance video game experience.  
Individuals with symptoms of inattention or hyperactivity, as assessed by the Adult Self-
Report Scale (ASRS) for Attention Deficit Hyperactivity Disorder (ADHD) (Kessler et al., 
2005), were excluded from the study as they may have been unable to properly attend to 
observation of the dance sequences.  Individuals were screened using the Medical 
University of South Carolina’s tDCS Safety Screening Form and the Neurological 
Symptom Checklist.  If individuals reported ‘yes’ to any of the common signs of known 
and unknown neurological conditions, they were not allowed to participate in the study due 
to safety concerns.  All participants completed the long version of the International 
Physical Activity Questionnaire (IPAQ; IPAQ Group, 2015).  This study was conducted in 
accordance with the Declaration of Helsinki and approved by the Institutional Review 
Board at the University of South Carolina. 
A power analysis (Faul, Erdfelder, Lang, & Buchner, 2007) for a matched pairs t-
test was conducted.  Assuming one-tailed testing, an effect size of d = 0.6 (Minarik et al., 
2016), 80% power and alpha error probability of α = 0.05, a total sample size of at least 19 
participants was suggested. 
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Procedure 
Participants attended a total of four sessions, all of which were dance oriented.  
During Session 1, participants completed pre-testing, cortical mapping, intervention 
(which either included AO and non-invasive brain stimulation or AO and sham) and 
immediate post-testing.  One week later, participants returned for another post-test (Session 
2).  A washout period of a minimum of four weeks (M = 5.37 weeks, SD = 1.88 for the 
group who received stimulation first; M = 4.78 weeks, SD = 1.36 for the group who 
received sham first) was utilized to limit carry-over effects from using DANCEA for each 
intervention.  Participants returned to complete Session 3 where they repeated steps from 
Session 1 (with either stimulation or sham, but the opposite of Session 1).  For Session 4, 
participants returned one week after Session 3 to complete the same post-testing procedure 
as in Session 2 (Figure 4.2). 
Participant Blinding and Randomization 
Participants were blinded to which session they would receive real BAC-tDCS or 
sham.  To ensure blinding during stimulation, all participants were connected to tDCS 
during both Session 1 and Session 3.  Participants were also told to expect desensitization 
of the scalp, regardless of stimulation or sham.  The device capable of producing tDCS was 
turned on until participants confirmed that the stimulation could be felt on the scalp.  A 
piece of tape was placed over the warning light and selector switches. 
Participants were randomly, but equally, assigned to each counterbalanced 
condition order. Half of the participants received real stimulation during Session 1 and 
sham during Session 3.  The other half received sham during Session 1 and real stimulation 
during Session 3. 
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Dance Sequences 
The dance sequences used for this study (DANCEPRE and DANCEA) (“Titanium” 
by David Guetta featuring Sia as DANCEPRE and “#thatPOWER” by will.i.am featuring 
Justin Bieber as DANCEA) were from the Xbox One Kinect
TM game Dance Central 
Spotlight (Rated T for teen).  The dance sequences within Dance Central Spotlight involve, 
at the most basic level, moving in a way that is related to the music being played; i.e., 
making movements that are synchronized to the beat of the currently playing song. 
All participants completed the proxy pre-test (DANCEPRE) during Session 1 and 
Session 3.  This was used to allow participants to familiarize themselves with the KinectTM 
system and Dance Central Spotlight game.  Performance of DANCEPRE was also used as a 
proxy of dance ability and the ability to learn dance sequences in general.  DANCEA was 
used for the intervention (Session 1 and 3) and post-testing (all sessions).  When sequences 
were displayed to the participants during the intervention and post-tests, they were 
presented by a female avatar (Figure 4.3a).  Both DANCEPRE and DANCEA sequences 
were approximately three minutes each in length.  The sequences were chosen due to a 
variety of dance movements included and their expected appeal to participants.  Both 
sequences were assigned to the same level of difficulty within the game (dance difficulty 
level = Standard). 
Proxy Pre-test 
Participants stood approximately 2 to 2.5 meters in front of the television screen 
connected to Xbox One and the KinectTM system in preparation for performing the proxy 
pre-test (Figure 4.3b).  Participants were instructed to try their best to be as accurate and in 
time with the avatar as possible while mirroring the avatar’s movements.  DANCEPRE was 
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started on Dance Central Spotlight and the participants performed the dance along with the 
avatar.  Participants completed DANCEPRE two times.  Participants were provided with 
water and rest in between performances as needed.  The KinectTM system produced scores 
for each performance. 
Cortical Mapping  
After pretesting, participants underwent cortical mapping. While the participants 
were comfortably seated, the experimenter followed steps provided by DaSilva and 
colleagues (DaSilva, Volz, Bikson, & Fregni, 2011) to measure scalp and facial landmarks 
in order to determine the “hot spots” or the brain areas of interest.  The areas of interest 
were right and left M1.  Initially, the position of the vertex was determined (top of head), 
by measuring and marking the halfway distance between the nasion (point between 
forehead and nose at junction of nasal bones) and inion (most prominent point of the 
occipital bone).  The distance halfway between the pre-auricular points (ear to ear) was 
also measured and marked. To locate M1, 20% of the auricular measurement from the 
vertex through the auricular line (towards the ear) was chosen.  These points were marked 
on the right and left side of the head as the “hot spots”.  This placement corresponded to 
C3/C4 electroencephalogram (EEG) location of the International 10-20 EEG System for 
electrode placement (DaSilva et al., 2011). 
Intervention 
Action Observation. Participants sat in a chair approximately 2 to 2.5 meters in 
front of a television screen connected to Xbox One and the KinectTM system.  Participants 
watched the female avatar perform DANCEA four consecutive times (approximately 13 
minutes).  Participants were instructed to not perform any overt movements during this 
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time.  As observation with the intent to imitate (compared to passive observation) more 
strongly activates the hMNS and increases corticospinal excitability (Buccino, Vogt, et al., 
2004; Frey & Gerry, 2006; Roosink & Zijdewind, 2010; Suchan et al., 2008), participants 
were instructed that they would be expected to perform the dance with the game and the 
KinectTM system after observation was complete. 
Transcranial Direct Current Stimulation. Prior to the intervention, the saline-
soaked electrodes (25 cm2) capable of delivering tDCS were placed on all participants.  A 
dual channel electrophoresis Chattanooga Ionto Iontophoresis device (Chattanooga 
IontoTM Iontophoresis system, DJO Global, Vista, California, Salt Lake City, Utah) 
delivered stimulation.  A BAC-tDCS montage was used where the two anodes were applied 
to right and left M1 (hotspots marked in “Cortical Mapping” section) and the two cathodes 
were placed over the right and left supraorbital areas (Figure 4.4 and Figure 4.5).  The 
device was started upon beginning the AO-based intervention and stimulation (or sham) 
was applied while watching the dance four times through.  When the participant was to 
receive real stimulation, the unit was set at 1.5 mA for 13 minutes.  When the participant 
was to receive sham, the unit was turned on and ramped up to 1.5mA for approximately 30 
seconds then ramped back down to 0mA.  This gave all participants, regardless of 
stimulation or sham condition, the same cutaneous sensations. It has been shown that 
participants cannot distinguish between sham and stimulation conditions for anodal tDCS 
(Ambrus et al., 2012). 
Immediate Post-test 
After completing the intervention and removing the tDCS electrodes, participants 
stood approximately 2 to 2.5 meters in front of the television screen in preparation for 
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performing DANCEA.  Participants were instructed to try their best to be as accurate and 
in time with the avatar as possible while mirroring the avatar’s movements.  DANCEA was 
started on Dance Central Spotlight and the participants performed the dance along with the 
avatar.  Participants performed the dance sequence two times.  Participants were provided 
with water and rest between performances as needed. The KinectTM system produced 
scores for each performance. 
One-Week Post-Test 
Participants returned one-week (Session 2: M = 1 week, SD = 0; Session 4: M = 1 
week, SD = 0.04) after immediate post-testing and performed DANCEA with the avatar 
twice.  The KinectTM system produced scores for each performance. 
Dance Performance 
The post-test raw scores for each performance, along with other performance 
elements, were reported by the KinectTM system.  Performance metrics, including the 
number of moves characterized as “Flawless”, “Awesome” and “Nice”, were recorded by 
the experimenter.  For an earlier version of the game, Kirsch, Drommelschmidt and Cross 
(2013) developed a formula to obtain an objective numeric score that includes all elements 
of performance as assessed by the KinectTM system.  The formula was adapted for the 
current version of the game: 
Overall performance scores = “Nice” moves * 1000 + “Awesome” moves *  
5000 + “Flawless” moves *10000 + raw numeric score. 
Overall scores were obtained from the two DANCEA performance trials in each of 
the 4 sessions for all participants.  Overall scores were obtained from the two DANCEPRE 
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performance trials in Session 1 and Session 3.  The two trials within each session for 
DANCEA were averaged.  DANCEPRE scores were also averaged for each session. 
Participant Perception 
As a manipulation check to ensure that participants viewed themselves as relatively 
inexperienced dancers, all participants were asked the following question during their 
initial session: “Please report a number (0-10 with 10 being the best) based on how good 
of dancer you feel that you are” (Question 1; M = 4.56, SD = 1.36).  After seeing each 
dance once, participants were asked how hard they perceived the dance to be (0-10 with 10 
being hardest) (Question 2).  Finally, the experimenter asked participants to rate their 
performance after each trial (0-10 with 10 being the best) (Question 3). 
Statistical Analysis 
Main Effects.  To examine the main hypothesis, a 2x2 within-subjects analysis of 
variance (ANOVA), with factors of intervention (AO/BAC-tDCS, AO/Sham) and time 
(Immediate Post-test, 1 Week Post-test), was run for dance performance scores.  To 
account for variation in initial dance ability, a 2x2 within-subjects analysis of covariance 
(ANCOVA), with factors utilized in the above ANOVA and the covariate of proxy pre-test 
dance performance (Session 1 average), was conducted for dance performance scores of 
the intervention dance.  To eliminate the discrepancy in performance due to physical 
practice alone, an ANCOVA was run with change in proxy pre-test dance performance 
(Difference between Trial 2 and Trial 1 in Session 1) as the covariate.  Additionally, to 
address possible changes in performances due to prior physical activity levels, IPAQ scores 
were used as a covariate in a separate ANCOVA. 
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 Order Effects as a Potential Confound.  To explore potential practice effects as well 
as the effects of the (minimum) four-week washout period, order effects were examined 
within this experiment (comparing performance scores between those participants who 
received stimulation in Session 1 and sham in Session 3 versus those participants who 
received sham in Session 1 and stimulation in Session 3).  To ensure that groups were 
performing similarly at the proxy pre-test, a two-tailed, two-sample t-test was conducted 
to compare proxy pre-test performance scores (average of Session 1) of the group that 
received stimulation in Session 1 and the group that received sham in Session 1.  A 2x2x2 
ANOVA, with within-subject factors for intervention (AO/tDCS, AO/Sham) and time 
(Immediate Post-test, 1 Week Post-test) and a between-subject factor for order (group who 
received stimulation in Session 1, group who received sham in Session 1), was run for 
dance performance scores. 
Prior Physical Activity and Performance.  This study was also interested in the 
impact of prior physical activity on motor learning and the impact of the combined 
intervention.  A Pearson’s correlation coefficient was computed to assess the relationship 
between proxy pre-test performance (average of Session 1) and prior physical activity 
(IPAQ scores).  This was repeated to assess the relationship between prior physical activity 
and overall improvement (Trial 2 of 1 Week Post-test – Trial 1 of Immediate Post-test) in 
the AO/Sham intervention in addition to overall improvement with AO/BAC-tDCS.  A 
Pearson’s correlation coefficient was also computed to assess the relationship between 
prior physical activity and overall improvement after AO/Sham and AO/BAC-tDCS in 
those that received stimulation in Session 1 and sham in Session 3 and those who received 
stimulation in Session 3 and sham in Session 1. 
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Participant Perception.  Participant responses to perception questions 2 (how hard 
the dance was perceived to be) and 3 (how well they felt they performed) were averaged 
across trials and sessions.  To determine if there was a difference in perceived difficulty 
and performance between the group of participants who received AO/BAC-tDCS during 
the first session and those who received AO/ham during the first session, a Kruskal-Wallis 
H Test was used. 
 
Results 
All participants tolerated BAC-tDCS well.  No participant reported any serious 
adverse effects from stimulation.  Mild itching, tingling and burning sensations were 
described similarly for stimulation and sham.  Five participants accurately discriminated 
whether they received stimulation or sham in both Session 1 and Session 3.  Eleven 
participants deduced correctly during only one session and seven participants were unable 
to discriminate in either session.  To ease the readability within text of this analysis, dance 
performance scores were divided by 100,000. 
Main Effects 
There was a significant main effect of time on performance scores, F(1,22) = 19.27, 
p < 0.01, indicating that 1 Week Post-test performance scores (M = 51.65, SD = 26.83) 
were greater than Immediate Post-test performance scores (M = 41.68, SD = 24.12) (Figure 
4.6).  A post-hoc one-tailed, matched pairs t-test indicated that performance scores at the 1 
Week Post-test (M = 54.56, SD = 28.21) were significantly different than the scores at the 
Immediate Post-test after AO/BAC-tDCS (M = 42.21, SD = 23.86), t(22) = 4.89, p < 0.01, 
and AO/Sham (M = 48.75, SD = 25.04; M = 41.15, SD = 24.38, respectively), t(22) = 
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2.17, p = 0.02.  There was not a significant main effect of intervention on performance 
scores, F(1,22) = 0.61, p = 0.45, indicating that performance scores with stimulation and 
sham were similar (M = 48.38, SD = 26.85 and M = 44.95, SD = 25.00, respectively).  The 
interaction effect was not significant, F(1,22) = 1.34, p = 0.26. 
 When adding Session 1’s average proxy pre-test dance score as a covariate and 
adding the difference in proxy pre-test dance scores in Session 1 as a separate covariate, 
similar results were seen.  There was a significant main effect of time on performance 
scores, F(1,22) = 6.51, p = 0.02 and F(1,22) = 10.31, p < 0.01, a non-significant main 
effect of intervention on performance, F(1,22) = 0.33, p = 0.57 and F(1,22) = 0.22, p = 
0.65, and no interaction effect, F(1,22) = 0.62, p = 0.44 and F(1,22) = 1.14, p = 0.30.  
When IPAQ scores were used as the covariate, the main effect of time, F(1,22) = 2.89, p 
= 0.10, main effect of intervention, F(1,22) = 1.39, p = 0.25, and their interaction, F(1,22) 
= 1.30, p = 0.27, were not significant. 
Order Effects as a Potential Confound 
The difference between the proxy pre-test performance scores in the group that 
received stimulation in Session 1 (M = 49.77, SD = 23.64) and the group that received 
sham in Session 1 (M = 46.38, SD = 22.26) was not significant, t(21) =0.35, p = 0.73.  The 
results for the ANOVA revealed a main effect for time, F(1,21) = 19.42, p < 0.01, but the 
main effect of the intervention, F(1,21) = 2.00, p = 0.17, and order were not significant, 
F(1,21) = 0.31, p = 0.58.  All interaction effects were non-significant except for the time 
by order interaction, F(1,21) = 29.65, p < 0.01.  Figure 4.7 displays the dance performance 
scores for each order and Figure 4.8 displays this by session number. 
Prior Physical Activity and Performance 
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Prior physical activity, as scored by the IPAQ, was not significantly correlated with 
proxy pre-test performance scores, r(21) = -0.12, p = 0.30.  Physical activity scores and 
overall improvement with the AO/BAC-tDCS intervention were not correlated, r(21) = -
0.10, p = 0.37.  On the contrary, there was a significant correlation, r(21) = 0.40 (p = 0.03), 
between physical activity scores and overall improvement following the intervention of 
AO/Sham (Figure 4.9).  After considering the order of interventions, physical activity 
scores and overall improvement with the AO/BAC-tDCS intervention were not 
significantly correlated for those who received stimulation in Session 1, r(21) = 0.04 (p = 
0.86) or for those who received stimulation in Session 3, r(21) = -0.21 (p = 0.34).   Physical 
activity scores and overall improvement with the AO/Sham intervention were correlated 
for those who received sham in Session 1, r(21) = 0.70 (p < 0.01), but not for those who 
received sham in Session 3, r(21) = 0.28 (p = 0.20) (Figure 4.10).   
Participant Perception 
There was no reported difference in perception of difficulty, χ2 (1) = 0.97, p = 0.32, 
and performance, χ2 (1) = 0.59, p = 0.44, between those participants who received 




 The purpose of the current study was to examine the impact of a combined non-
invasive brain stimulation/AO-based intervention on the acquisition of a complex, whole-
body motor task.  More specifically, the goal was to determine whether the addition of non-
invasive brain stimulation (BAC-tDCS) to an AO-based learning intervention would 
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augment the effect of AO-based learning on dance performance metrics.  To the best of the 
authors’ knowledge, this is the first study that combined AO with BAC-tDCS to explore a 
complex whole-body task. 
Main Effect of Intervention 
We did not see a difference in dance scores between interventions.  Contrary to the 
authors’ hypothesis, the addition of BAC-tDCS to AO did not elicit greater improvement 
in performance scores as compared to AO with sham.  This could indicate that adding 
BAC-tDCS may not augment motor learning effects with an AO-based learning 
intervention.  However, this study’s failure to detect a beneficial effect of BAC-tDCS could 
be due to several other factors.  While this study utilized a within-subjects design (to avoid 
inter-individual differences in performance that were shown in pilot testing of this task), 
the order in which participants received the stimulation verses the sham might have 
impacted scores.  There may have been a learning/practice effect that was not adequately 
controlled for by the four-week (or more) washout period, even though a previous study 
performed by this lab had a similar period that did not impede results.  Secondly, there is 
a small mean difference along with large variability between AO/BAC-tDCS and 
AO/Sham scores at the Immediate (M = 42.21, SD = 24.40 and M = 41.15, SD = 24.92, 
respectively) and 1 Week Posttest (M = 54.56, SD = 28.85 and M = 48.75, SD = 25.60, 
respectively), which could make finding an effect difficult at the current sample size. 
The findings reported in the current study contradict the findings by Wade and 
Hammond (2015).  This current study employed a within-subjects design and used BAC-
tDCS, a relatively novel electrode arrangement with anodes placed on M1 of each 
hemisphere, to enhance motor learning.  The intervention designed by Wade and 
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Hammond (2015), which utilized a between-subjects design, produced “slightly more 
accurate” performances following A-tDCS applied to the left premotor cortex than sham.   
The current study chose to activate M1 as other studies exploring mental practice have 
successfully applied tDCS to M1  (Foerster et al., 2013; Saimpont et al., 2016; Saruco et 
al., 2017) .  M1 is also linked to the premotor cortex through the extended hMNS (Pineda, 
2008) and activates similarly during AO (Fadiga et al., 1995; Strafella & Paus, 2000).   
The other studies that have chosen M1 as the region of stimulation have used motor 
imagery as the mental practice intervention instead of AO (Foerster et al., 2013; Saimpont 
et al., 2016; Saruco et al., 2017).  While motor imagery and AO have commonalities in 
neuroanatomical bases, research has shown that they are not equal.  Gatti et al. (2013) 
found that greater motor learning was experienced with AO compared to motor imagery.  
Other research suggests that motor imagery is not as effective for novices compared to 
those familiar with the task (Mulder, Zijlstra, Zijlstra, & Hochstenbach, 2004).  Lastly, the 
task within this study not only utilized BAC-tDCS but also included simultaneous, yet non-
identical, movement of multiple limbs.  Most of the previously mentioned studies 
employed unimanual tasks and unihemispheric or bihemispheric tDCS. 
Main Effect of Time 
The current study had greater improvement at the 1 Week Post-test as compared to 
the Immediate Post-test.  This improvement was expected due to participants having more 
opportunities to physically practice the task.  More specifically, a greater improvement at 
1 Week Post-test was expected when individuals received AO/BAC-tDCS compared to 
improvement at 1 Week Post-test after AO/Sham.  While this study failed to observe the 
expected significant interaction, a visual trend and small effect size (d = 0.22) were seen.  
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This indicated a slightly larger difference in performance scores between AO/BAC-tDCS 
and AO/Sham at 1 Week Post-test compared to at the Immediate Post-test.  Previous 
research has suggested that the addition of non-invasive brain stimulation to M1 with motor 
training may lead to performance gains not immediately apparent but present one week 
later (Butts, Kolar, & Newman-Norlund, 2014).  It is possible that non-invasive brain 
stimulation intensifies long-term potentiation (LTP)-like plasticity, which then could result 
in greater improvements after it has had time to induce chemical or structural changes in 
the brain (Rioult-Pedotti et al., 2000). 
Proxy Pre-test Dance and Physical Activity 
Controlling for proxy pre-test dance performance (both average scores and 
improvement scores from Trial 1 to Trial 2 in Session 1) did not change the main results 
found in the previous analysis.  Therefore, differences in an individual’s initial dance 
abilities did not appear to affect scores and neither did the amount of change due to physical 
practice alone.  When controlling for IPAQ scores, this study did not observe a main effect 
of intervention or a main effect of time.  This suggests that a major component of variability 
in the performance scores is predicted by (positively correlated with) IPAQ scores.  When 
this variability is removed from the model, the effects of time disappear. 
Additionally, this study attempted to test the hypothesis that prior physical activity 
alters the modulatory effects of this combined treatment.  There was no relationship 
between prior physical activity and proxy pre-test dance performance.  Contrary to 
expectations, there was no relationship between prior physical activity and performance 
improvements related to the combination of AO and stimulation.  There was a moderate, 
positive correlation between prior physical activity and improvement within the AO/Sham 
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intervention.  This indicated that individuals with greater IPAQ scores exhibited greater 
improvement in dance performance following AO/Sham.  As both interventions received 
AO, it is unclear why there is a divergence in associations with IPAQ scores.  There was a 
moderate, positive correlation between prior physical activity and improvement with 
AO/Sham intervention only for the group that received sham first.  Therefore, this group 
may be driving the relationship between physical activity history and scores after 
AO/Sham. Previous research that explores whether more physically active individuals are 
more or less receptive to non-invasive brain stimulation than sedentary individuals is 
equivocal (Cirillo et al., 2009; Vallence et al., 2015).  Interestingly, one prior study, that 
found a positive relationship between IPAQ scores and learning after stimulation, used a 
slightly different technique to classify their low and high physical activity groups (Cirillo 
et al., 2009).  They choose participants who only represented the very top (highly active) 
and bottom (sedentary) 20% of a healthy young population and conducted between group 
comparisons based on those groups.  In the current study, a correlation analysis was 
performed to examine the relationship between IPAQ scores, across a continuum, and 
learning.  This study also differs from Vallence et al. (2015), where no relationship between 
IPAQ and learning was observed after stimulation, because this experiment used the full 
version, as opposed to the shorter version, of the IPAQ.  Both previously mentioned studies 
looked at neurophysiological outcomes while this study recorded behavioral ones.  Lastly, 
this study was not appropriately powered or had adequate variability to test physical 
activity levels as an independent variable. 
Order of Intervention 
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An interaction effect was seen between time (Immediate Post-test and 1 Week Post-
test) and order (those who received stimulation in the first session and those who received 
sham in the first session).  This interaction appears to be driven by the fact that the 
difference between the Immediate Post-test and 1 Week Post-test (regardless of 
intervention) was greater for the group who received stimulation first compared to the 
group who received sham first.  Individuals appeared to have improved even more in 
Session 3 than Session 1 regardless of the order of intervention.  This study’s washout 
period may not have eliminated the carry-over effects from one intervention to the other.  
The difference between the orders does not appear be due to perceived difficulty or 
perception of performance as those who received stimulation during the first session and 
those who received sham during the first session reported similar ratings.  Proxy pre-test 
scores were also similar between the two order groups. 
Strengths and Weaknesses 
A strength of this study was that participants were used as their own control with a 
washout period aimed at reducing learning effects caused by repeated testing.  As was 
discovered in pilot testing by this laboratory, high inter-individual variability would have 
made it difficult to detect significant results between individuals.  Furthermore, if a 
between-subjects design had been attempted for this experiment, it would have been 
challenging to match participants between groups without knowing whether an individual 
was a “responder” or “non-responder” to tDCS (Lopez-Alonso et al., 2014).  Another 
strength of this study was its use of a novel task.  This study used a complex, whole-body 
task, which could be considered more applicable or closely related to ADLs than simple, 
unimanual tasks used by most studies examining similar issues. 
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This study does have some limitations.  First, this study quantified motor learning 
through overt behavioral changes but did not obtain any neurophysiological data.  Further 
research obtaining this data (i.e., pre- and post-motor evoked potentials, EEG, or functional 
magnetic resonance imaging) may give better insights into any differences in performance 
scores between time and interventions.  It is possible that there may be neurophysiological 
changes occurring without behavioral ones.  Secondly, the fact that this study examined a 
relatively homogeneous population decreases the ability to generalize these findings to 
other populations.  However, the authors determined it more important to control for as 
many potential confounders as possible in this initial experiment.  Females may be 
somewhat more responsive to non-invasive brain stimulation than males (Ridding & 
Ziemann, 2010).  Studies suggest that a smaller increase in brain derived neurotrophic 
factor (BDNF), which can promote synaptic plasticity and motor learning, can be seen in 
females compared to males after aerobic exercise (Heijnen et al., 2015). 
This study was limited by the capabilities of the Dance Central Spotlight game.  
Live models were not used as computerized avatars within the game performed the dances.  
Also, the avatars were only capable of performing the dances perfectly (such as experts 
would) so it was not possible to assess learning after watching novice models or models 
with mixed levels of experience.  Potentially the largest limitation may have been the length 
of the washout period.  The interval may not have been long enough; thereby the order 
effect could be clouding any potential results between the interventions.  A shorter washout 
period would have made it more challenging to differentiate between intervention 
conditions.  In future studies, utilizing an even longer period (longer than 5 weeks) may 
allow initial performance to return closer to baseline after the break. 
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Another consideration includes having several simultaneous new manipulations 
occurring within this one study.  For instance, this study’s task was comprised of complex, 
bilateral movements.  This chosen task has been learned by AO-alone within another study 
from this laboratory, but has not been employed in previous research on mental practice 
with tDCS.  Also, this current study utilized BAC-tDCS for bilateral skills.  To the authors’ 
knowledge, the more simplistic yet repeatedly proven, bihemispheric A-tDCS, has not been 
utilized to activate M1 during action observation.  These manipulations could have been 
explored separately, which may have allowed for a better understanding of what does and 
does not augment motor learning while exploring tDCS during AO. 
 Future studies should continue to discern the potential effects of a combined tDCS 
and AO-based intervention by adding larger sample sizes and including other populations, 
such as males, those with varying dance experience levels and those in rehabilitation 
settings.  As it is unclear how long the effects of AO and brain stimulation can persist, a 
between-subjects design may be used if participants are first assessed for physical activity 
history and interindividual variability to stimulation (Lopez-Alonso et al., 2014).  
Otherwise, to maintain a within-subjects design, it is recommended that a longer washout 
period be used to help eliminate the order effect or different but equal tasks (i.e., sequences 
in different order) could be learned for each intervention.  Future designs, might focus on 
one manipulation at a time, i.e. simple/complex skills or A-tDCS/BAC-tDCS.  Lastly, 
instead of one session of tDCS and one session of sham, future studies may wish to utilize 
consecutive daily sessions (Gomes-Osman & Field-Fote, 2013) (i.e., five consecutive days 
of BAC-tDCS counterbalanced by five consecutive days of sham with a long washout 
period in between) in the hopes of producing an cumulative effect (Boggio et al., 2007). 
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Conclusion 
tDCS is relatively inexpensive and easy to use.  Theoretically, the combination 
could be utilized in a rehabilitation setting to supplement traditional physical therapy 
techniques.  This intervention would allow patients to participate in additional motor 
relearning while maintaining enough available energy for traditional therapy.  This 
combination may also prepare the individual for future tasks that they cannot yet 
accomplish.  Using a combined BAC-tDCS and AO-based learning intervention is feasible 
and did not have any severe adverse effects in a healthy population.  However, researchers 
must continue to root out its potential effectiveness.  
There is a lot of evidence that AO and tDCS can individually benefit motor 
learning.  The findings here do not refute this point, as this study had no control group that 
received neither a demonstration nor brain stimulation.  Limitations are present that could 
explain this study’s failure to observe beneficial effects of tDCS on AO.  There are many 
possible variants of this study that could be used and many adjustments that could be made 
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Figure 4.2 Graphical Depiction of Experimental Design.  
* Illustrates independent variable randomization.  Participants received real BAC-tDCS 
during one of the sessions and sham BAC-tDCS during the other session. 
tDCS = transcranial direct current stimulation; BAC-tDCS = bihemispheric anodal 
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Figure 4.3 Examples of Dance Central Spotlight Game and Performance Set-up. (a) 
Illustration of the female avatar used in the Dance Central Spotlight video game. (b) 
Laboratory set up for physical performance with Xbox KinectTM and Dance Central  





Figure 4.4 BAC-tDCS Montage - Lateral View. BAC-tDCS set-up on left hemisphere.  (+) 
represents the anode on M1 (red brain region) and (-) cathode on supraorbital region. Lines 
represent wires connecting electrodes to the system while the arrows represent the field 
orientation between those two electrodes. 
BAC-tDCS = bihemispheric anodal corticomotor transcranial direct current stimulation; 




Figure 4.5 BAC-tDCS Montage - Superior View. (+) represents the anodes on M1 and (-) 
cathodes on supraorbital region.  Purple lines represent wires connecting right hemisphere 
electrodes to the system while the green lines represent wires connecting left hemisphere 
electrodes to the system.  Arrows represent the current traveling between electrodes. 
BAC-tDCS = bihemispheric anodal corticomotor transcranial direct current stimulation; 





Figure 4.6 Dance Performance Scores- Main Effects. Average performance scores are 
presented by time and intervention.  The blue bars represent performance scores after 
AO/BAC-tDCS while the red bars represent performance scores after AO/Sham.  Error 
bars denote two standard error.  
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Figure 4.7 Dance Performance Scores by Order. Average performance scores are presented by time and intervention. (a) Displays scores 
for the group who received stimulation during the first session and sham during Session 3.  (b) Displays scores for the group who 
received stimulation during Session 3 and sham during Session 1.  The blue bars represent performance scores after AO/BAC-tDCS 
while the red bars represent performance scores after AO/Sham.  Error bars denote two standard error. 
































Stimulation First Group: Performance 

































Sham First Group: Performance 







Figure 4.8 Group Order by Session. Average performance scores are presented by Session 
number.  Purple represents the group that received Stimulation (in green) during Session 1 
and Sham (in navy) during Session 3.  Red represents the group that received sham (navy) 
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Figure 4.9 Correlation of International Physical Activity Questionnaire Scores and Change 
in Performance. Relationship between scores on the International Physical Activity 
Questionnaire (IPAQ) and overall change in dance performance scores (Trial 2 of 1 Week 
Post-test – Trial 1 of Immediate Post-test) following action observation/sham intervention.  
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Figure 4.10 Order Effect on Correlation of International Physical Activity Questionnaire 
Scores and Change in Performance.  Relationship between scores on the International 
Physical Activity Questionnaire (IPAQ) and overall change in dance performance scores 
(Trial 2 of 1 Week Post-test – Trial 1 of Immediate Post-test) (a) following action 
observation/stimulation and (b) action observation/sham.  Purple represents the group that 
received stimulation during Session 1 and sham during Session 3. (a) Pearson’s r = 0.04 
and (b) r = 0.28.  Red represents the group that received sham in Session 1 and stimulation 
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Dance is often used to investigate the integration of movement and cognition due 
to its heavy reliance on critical components of human motor control (Blasing et al., 2012).  
Typical dance movements involve multiple degrees of freedom across multiple limbs and 
are difficult to master quickly without prior experience (Wulf & Shea, 2002).  Therefore, 
dance skills are often learned through observation. 
Demonstration is not only useful in acquisition of dance skills, but can be helpful 
in acquisition of numerous other motor skills.  To date, AO-based treatment has been 
utilized for healthy individuals and for special populations, such as those with stroke, 
cerebral palsy and Parkinson’s disease.  Not all studies, however, have found a positive 
link between AO and motor skill acquisition.  The lack of consistency in motor skills and 
demonstration strategies within research studies may possibly be adding to the ambiguity 
of its effect (Laguna, 2008).  While much is known about the benefits of AO for simple 
tasks in healthy individuals, less is known about the utility of AO-based training for 
complex, whole-body sequences of movements outside of the laboratory.  Therefore, the 
purpose of the current research was to expand the knowledge of AO-based learning. 
First, this study assessed the replicability/reliability of dance sequence performance 
scoring using the X-box One KinectTM game Dance Central Spotlight to justify its use as 
the primary measurement tool for future studies.  It was determined that Dance Central 
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Spotlight can be used to obtain reliable and objective measures.  Therefore, this home-
video game system and video game were utilized in the latter two studies. 
Next, the goal was to determine whether AO prior to action execution would 
improve an individual’s performance on a complex, whole-body task.  Results showed a 
greater improvement in performance scores when individuals had viewed the dance 
sequence prior to execution compared to when they had not observed the sequence prior to 
execution.  This significant difference held true for DANCEA but not for DANCEB.  Each 
dance might have been affected differently by AO.  DANCEA was perceived to be more 
difficult and participants perceived their performance to be worse for DANCEA as 
compared to DANCEB.  Previous research has shown that more complex skills, which 
DANCEA could be considered according to participant perceptions, are more likely to 
benefit from AO compared to relatively less complex skills (DANCEB) (Wulf & Shea, 
2002).  Furthermore, participants scored significantly lower on DANCEA.  It is possible 
that DANCEB was simply too easy and some participants experienced a ceiling effect. 
Although observation-based learning can be helpful for the acquisition of motor 
skills, it is not as potent as actual physical practice (Black & Wright, 2000; Shea et al., 
2000) and depends heavily on factors like expertise (Amoruso et al., 2017; Calvo-Merino 
et al., 2006; Cross, Liepelt, et al., 2011), complexity of skill (Wulf & Shea, 2002) and 
attentional capacities (Buccino, 2014).  Therefore, an effort should be made to determine 
if the addition of other intervention modalities can augment its effects.  One such potential 
method would be the addition of non-invasive brain stimulation. 
One type of non-invasive brain stimulation, that is relatively inexpensive and easy 
to use, is tDCS.  It can alter the activation of specific brain regions.  A-tDCS can make 
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neurons more excitable.  Studies suggest that application of A-tDCS can enhance motor 
learning in healthy and clinical populations.  However, most of these studies utilize 
unimanual skills and ignore bimanual skills, which are necessary in everyday life.  When 
assessing motor learning of bimanual skills, BAC-tDCS may be applied.  Yet, the impact 
that this relatively new tDCS montage has on complex, multi-limb tasks is largely 
unknown.  Furthermore, inter-individual variability may impact responsiveness to non-
invasive brain stimulation.  Specifically, it is unclear if one’s history of physical activity 
affects their responsiveness to tDCS. 
When combining AO with A-tDCS, task performance may be enhanced.  However, 
to best of the authors’ knowledge, only one experiment has investigated the effects of 
combining an AO-based learning intervention with A-tDCS (Wade & Hammond, 2015).  
Therefore, more research must be done to bolster the body of literature currently available 
and to explore key unanswered questions.  In an attempt to achieve this, the third 
experiment examined the relationship between motor learning and a combined non-
invasive brain stimulation/AO-based intervention by utilizing BAC-tDCS while observing 
a complex, whole-body task. 
Contrary to expectations, the addition of BAC-tDCS to AO did not lead to greater 
improvement in performance scores as compared to AO with sham.  A learning or order 
effect may have impacted these results.  The previous studies that have used BAC-tDCS 
had used multi-day stimulation protocols (Gomes-Osman & Field-Fote, 2013) while this 
study applied stimulation on a single day.  The between-subjects study by Wade and 
Hammond (2015) used a much more simplistic unimanual task and activated the pre-motor 
cortex of one hemisphere while this experiment activated both primary motor cortices.  
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They also observed the positive influence of tDCS in reaction time of the task while the 
outcome of this study focused on correct timing and accuracy of movements together and 
could not separate the two due to the nature of this measurement system. 
A greater improvement in performance was observed one week after the 
intervention compared to immediately after.  A slightly larger, yet not significantly 
different, improvement was seen with AO/BAC-tDCS compared to AO/Sham intervention.  
Previous research suggested that adding non-invasive brain stimulation may lead to 
performance gains not immediately apparent but present one week later (Butts et al., 2014).  
Also, the washout period built into this study’s design may not have been adequate to 
eliminate carry-over effects.  Individuals appeared to have improved even more in Session 
3 than Session 1 regardless of the order of intervention.  Finally, this study did not find a 
relationship between performance after BAC-tDCS and prior physical activity.   
In summary, a complex, whole-body sequence task can be feasibly and effectively 
learned through an AO-based learning intervention.  However, researchers and clinicians 
need to consider the difficulty of the task when attempting to utilize this intervention.  
Future studies should explore behavioral changes in multiple complex, whole-body tasks 
that are classified with similar taxonomies but vary more in their perceived level of 
difficulty. 
Lastly, a combined BAC-tDCS and AO-based learning intervention is feasible.  
However, more research must be done to examine whether it is effective or not.  An effort 
should be made to complete studies with limited carry-over effects.  Between-subject 
designs with large sample sizes could be used.  On the other hand, within-subject designs 
could be employed with longer washout periods or different but equal tasks for each 
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intervention.  The latter design would eliminate possible discrepancies of inter-individual 
responses to non-invasive brain stimulation.  If these studies show positive findings, they 
may provide important implications for clinicians interested in maximizing the effects of 
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APPENDIX A: TDCS PUBLICATIONS 
 
 






APPENDIX B: EDINBURGH HANDEDNESS INVENTORY 
(Oldfield, 1971) 
 
Please indicate with a check (✓) your preference in using your left or right hand in the 
following tasks.  Where the preference is so strong you would never use the other hand, 
unless absolutely forced to, put two checks (✓✓).  If you are indifferent, put one check in 
each column ( ✓  |  ✓).  Some of the activities require both hands. In these cases, the part 
of the task or object for which hand preference is wanted is indicated in parentheses. 
 Task / Object Left Hand Right Hand 
1. Writing   
2. Drawing   
3. Throwing   
4. Scissors   
5. Toothbrush   
6. Knife (without fork)   
7. Spoon   
8. Broom (upper hand)   
9. Striking a Match (match)   
10.  Opening a Box (lid)   
Total checks: LH =  RH =  
Cumulative Total CT = LH + RH =  
Difference D = RH – LH =  
Result R = (D / CT)  100 =  
Interpretation: 
(Left Handed: R < -40) 
(Ambidextrous: -40  R  +40) 




APPENDIX C: ADULT SELF-REPORT SCALE- ASRS V1.1  





APPENDIX D: NEUROLOGICAL SYMPTOMS CHECKLIST 
To maximize safety, please answer the questions below. Please note that the questions 
below may contain unfamiliar medical terminology.  If you are unsure of how to answer 
any of these questions or would like a more detailed explanation of the terms, please do 
not hesitate to ask one of the primary investigators. 
Check all that apply Yes No Details 
Do you experience frequent 
dizziness or vertigo? 
   
Do you experience frequent 
headaches? 
   
Do you experience tremors?    
Are you prone to strange 
movements or bizarre behavior? 
   
Do you experience memory loss or 
problems? 
   
Have you recently experienced 
double vision change or loss of 
vision? 
   
Have you experienced abnormal 
muscle weakness? 
   
Do you experience burning, 
tingling or numbness? 
   
Have you noticed any sudden 
change in your sleep patterns? 
   
Do you experience extreme fatigue 
or become fatigued easily? 
   
Do you experience staring or 
twitching spells? 
   
Do you experience difficulty or 
slowness understanding what 
others say to you?  
   
Do you experience any 
unexplained pain in your hands, 
feet face? 
   
When the form has been checked through with you by a member of the staff, please sign 
below to confirm that you have read and understood all the questions. 
Volunteer’s Signature   Researcher’s Signature Date 
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APPENDIX E: TDCS SAFETY SCREENING FORM 
For safety reasons, it is important that you answer all of the following questions carefully. 
If any of the questions / terms on this form are unclear, please do not hesitate to ask one of 
the primary investigators of the study. 
 
Check all that apply Yes No 
1. Have you ever had an adverse reaction to tDCS?   
2. Have you ever had a seizure?   
3. Have you ever had a head injury (including neurosurgery)?   
4. Have you ever had any illness that caused brain injury?   
5. Have you ever had any other brain-related condition?   
6. Have you ever been diagnosed with a neurological or psychiatric     
disorder? 
  
7. Do you have any metal in your head (outside of the mouth) such as 
shrapnel, surgical clips, or fragments from welding or metalwork? 
  
8. Do you have a sensitive scalp (is your skin very dry, or do you use 
products designed for people with a sensitive scalp)? 
  
9. If any item above was marked ‘yes’, please provide a comment here:  
________________________________________________________________________
________________________________________________________________________ 
10. Please list all medications you are currently taking:  
________________________________________________________________________
________________________________________________________________________ 
The possible hazards of tDCS have been explained to me and I understand that I can 
withdraw at this point for any reason and that I do not have to disclose the reason to the 
experimenter. Your signature below indicates that you understand this screening form and 
attest to its accuracy.  
Volunteer’s Signature   Researcher’s Signature Date 
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APPENDIX F: INTERNATIONAL PHYSICAL  
ACTIVITY QUESTIONNAIRE  
(IPAQ Group, 2005)
 
We are interested in finding out about the kinds of physical activities that people do as part 
of their everyday lives. The questions will ask you about the time you spent being 
physically active in the last 7 days. Please answer each question even if you do not consider 
yourself to be an active person. Please think about the activities you do at work, as part of 
your house and yard work, to get from place to place, and in your spare time for recreation, 
exercise or sport. 
Think about all the vigorous and moderate activities that you did in the last 7 days. 
Vigorous physical activities refer to activities that take hard physical effort and make you 
breathe much harder than normal. Moderate activities refer to activities that take moderate 
physical effort and make you breathe somewhat harder than normal. 
PART 1: JOB-RELATED PHYSICAL ACTIVITY 
 
The first section is about your work. This includes paid jobs, farming, volunteer work, 
course work, and any other unpaid work that you did outside your home. Do not include 
unpaid work you might do around your home, like housework, yard work, general 
maintenance, and caring for your family. These are asked in Part 3. 
 




No            Skip to PART 2: TRANSPORTATION 
 
The next questions are about all the physical activity you did in the last 7 days as part of 
your paid or unpaid work. This does not include traveling to and from work. 
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2.  During the last 7 days, on how many days did you do vigorous physical activities 
like heavy lifting, digging, heavy construction, or climbing up stairs as part of your 
work? Think about only those physical activities that you did for at least 10 minutes 
at a time. 
_____ days per week 
  No vigorous job-related physical activity        Skip to question 4 
3. How much time did you usually spend on one of those days doing vigorous 
physical activities as part of your work? 
 
_____ hours per day 
_____ minutes per day 
 
4. Again, think about only those physical activities that you did for at least 10 minutes 
at a time. During the last 7 days, on how many days did you do moderate physical 
activities like carrying light loads as part of your work? Please do not include 
walking. 
 
_____ days per week 
  No moderate job-related physical activity        Skip to question 6 
5. How much time did you usually spend on one of those days doing moderate 
physical activities as part of your work? 
_____ hours per day 
_____ minutes per day 
 
6. During the last 7 days, on how many days did you walk for at least 10 minutes at 
a time as part of your work? Please do not count any walking you did to travel to 
or from work. 
 
_____ days per week 
  No job-related walking         Skip to PART 2: TRANSPORTATION 
7. How much time did you usually spend on one of those days walking as part of your 
work? 
 
_____ hours per day 





PART 2: TRANSPORTATION PHYSICAL ACTIVITY 
 
These questions are about how you traveled from place to place, including to places like 
work, stores, movies, and so on. 
 
8. During the last 7 days, on how many days did you travel in a motor vehicle like 
a train, bus, car, or tram? 
 
_____ days per week 
  No traveling in a motor vehicle            Skip to question 10 
9. How much time did you usually spend on one of those days traveling in a train, 
bus, car, tram, or other kind of motor vehicle? 
_____ hours per day 
_____ minutes per day 
 
Now think only about the bicycling and walking you might have done to travel to and 
from work, to do errands, or to go from place to place. 
 
10. During the last 7 days, on how many days did you bicycle for at least 10 minutes 
at a time to go from place to place? 
 
_____ days per week 
  No bicycling from place to place          Skip to question 12 
11. How much time did you usually spend on one of those days to bicycle from place 
to place? 
_____ hours per day 
_____ minutes per day 
 
12. During the last 7 days, on how many days did you walk for at least 10 minutes at 
a time to go from place to place? 
 
_____ days per week 
No walking from place to place Skip to PART 3: 
HOUSEWORK, HOUSE 
MAINTENANCE, AND 




13. How much time did you usually spend on one of those days walking from place to 
place? 
 
_____ hours per day 
_____ minutes per day 
 
PART 3: HOUSEWORK, HOUSE MAINTENANCE, AND CARING FOR FAMILY 
 
This section is about some of the physical activities you might have done in the last 7 days 
in and around your home, like housework, gardening, yard work, general maintenance 
work, and caring for your family. 
 
14. Think about only those physical activities that you did for at least 10 minutes at a 
time. During the last 7 days, on how many days did you do vigorous physical 
activities like heavy lifting, chopping wood, shoveling snow, or digging in the 
garden or yard? 
 
_____ days per week 
  No vigorous activity in garden or yard      Skip to question 16 
15. How much time did you usually spend on one of those days doing vigorous 
physical activities in the garden or yard? 
 
_____ hours per day 
_____ minutes per day 
 
16. Again, think about only those physical activities that you did for at least 10 minutes 
at a time. During the last 7 days, on how many days did you do moderate activities 
like carrying light loads, sweeping, washing windows, and raking in the garden or 
yard? 
 
_____ days per week 
  No moderate activity in garden or yard      Skip to question 18 
17. How much time did you usually spend on one of those days doing moderate 
physical activities in the garden or yard? 
 
_____ hours per day 





18. Once again, think about only those physical activities that you did for at least 10 
minutes at a time. During the last 7 days, on how many days did you do moderate 
activities like carrying light loads, washing windows, scrubbing floors and 
sweeping inside your home? 
 
_____ days per week 




19. How much time did you usually spend on one of those days doing moderate 
physical activities inside your home? 
 
_____ hours per day 
_____ minutes per day 
 
PART 4: RECREATION, SPORT, AND LEISURE-TIME PHYSICAL ACTIVITY 
 
This section is about all the physical activities that you did in the last 7 days solely for 
recreation, sport, exercise or leisure. Please do not include any activities you have already 
mentioned. 
 
20. Not counting any walking you have already mentioned, during the last 7 days, on 
how many days did you walk for at least 10 minutes at a time in your leisure time? 
 
_____ days per week 
  No walking in leisure time        Skip to question 22 
21. How much time did you usually spend on one of those days walking in your leisure 
time? 
 
_____ hours per day 
_____ minutes per day 
 
22. Think about only those physical activities that you did for at least 10 minutes at a 
time. During the last 7 days, on how many days did you do vigorous physical 
activities like aerobics, running, fast bicycling, or fast swimming in your leisure 
time? 
 
_____ days per week 
  No vigorous activity in leisure time       Skip to question 24 
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23. How much time did you usually spend on one of those days doing vigorous 
physical activities in your leisure time? 
 
_____ hours per day 
_____ minutes per day 
 
24. Again, think about only those physical activities that you did for at least 10 minutes 
at a time. During the last 7 days, on how many days did you do moderate physical 
activities like bicycling at a regular pace, swimming at a regular pace, and doubles 
tennis in your leisure time? 
 
_____ days per week 
No moderate activity in leisure time Skip to PART 5: TIME 
SPENT SITTING 
25. How much time did you usually spend on one of those days doing moderate 
physical activities in your leisure time? 
_____ hours per day 
_____ minutes per day 
 
PART 5: TIME SPENT SITTING 
 
The last questions are about the time you spend sitting while at work, at home, while doing 
course work and during leisure time. This may include time spent sitting at a desk, visiting 
friends, reading or sitting or lying down to watch television. Do not include any time spent 
sitting in a motor vehicle that you have already told me about. 
 
26. During the last 7 days, how much time did you usually spend sitting on a 
weekday? 
 
_____ hours per day 
_____ minutes per day 
 
27. During the last 7 days, how much time did you usually spend sitting on a weekend 
day? 
 
_____ hours per day 
_____ minutes per day 
 
 
